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CHAPTER 1

Introduction

The determination of the neutrino flux in any conventional neutrino beam

presents a challenge for the current and future short and long baseline neutrino ex-

periments. The uncertainties associated with the production and attenuation of the

hadrons in the beamline materials along with those associated with the beam optics

have a big effect on the knowledge flux spectrum. For experiments like MINERvA,

understanding the flux is crucial since it enters directly into every of neutrino-nucleus

cross-section measurements.

1.1 Importance of the neutrino flux determina-

tion

Since the late 1990′s, there has been overwhelming evidence that the three types

of neutrinos, νe, νµ and ντ , oscillates when they travel through vacuum or matter.

Since then, many experiments have been proposed and developed to measure the

parameters associated with neutrino oscillations.

In many circumstances, considering only the oscillation between two neutrinos
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is a good approximation. This is the case for neutrinos generated in the Earth

atmosphere (νµ ↔ ντ ) or, in the Sun or in conventional neutrino beams (νe ↔ νµ).

In these cases, the probability that a neutrino that has been produced in one flavor

(να) will be measured in another flavor (νβ) is given by:

Pνα→νβ = sin2(2θ)sin2

(
1.27∆m2

ijL

E

)
(1.1)

Where L is the distance traveled by the neutrino and E, its energy. The factor

“1.27” supposes that E is expressed in GeV, L in Km and the squared neutrino

mass difference ∆m2 in eV2/c4 units.

Long baseline neutrino experiments use a conventional neutrino beam (de-

scribed in chapter 2) and a pair of detectors, one close to the neutrino production

point (the Near detector) and the other further away (the Far detector). The loca-

tion of the Far detector and the beam energy spectrum are chosen to measure the

oscillation maxima of equation 1.1. Having the two detectors share the same beam

reduces systematic uncertainties on the neutrino flux, the cross-section model, and

potentially also the detector performance. Figure 1.2 shows a sketch of this two

detector strategy.

FIG. 1.1: A two detector neutrino oscillation experiment.
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If the cross-section is well-understood, the oscillation probability can be calcu-

lated as:

P (Ei) =

(
N2

N1

)

i

(
A1

A2 i

)(
ϕ1

ϕ2

)

i

(1.2)

where A1,2 represents the acceptance and efficiency of each detector and ϕ1,2

is the neutrino flux, and N1 and N2 are the events measured in a particular energy

bin.

However, this is not simple. The flux uncertainty partially cancels since the

Near Detector sees a distributed neutrino source and the Far Detector sees a point

neutrino source (for instance, MINOS Far detector is ∼ 1000Km away). The cross-

sections do not necessarily cancel if the detectors are not made of the same materials

with the same response and acceptance.

As an example, figure 1.2 shows the ratio of the flux at the MINOS Far Detector

divided by the flux at the MINOS Near Detector (ϕ1

ϕ2
in equation 1.2). The white

boxes in the figure represent the prediction from the MINOS flux simulation. How-

ever, after MINOS tuned their simulation by constraining the hadron production in

the target (see later section 3.2), the shape of the ratio changes. That means that

knowing the flux and how well the underlying physics model is representing nature

is absolutely relevant for the accuracy of the oscillation parameters.

On the other hand, the cross-sections are also a source of uncertainty for neu-

trino oscillation experiments. In particular, the 0.1-20 GeV region where many ex-

periments are running is complicated because the neutrino - nucleus cross-sections

are not well known, as can be seen in figures 1.3a and 1.3b. Some uncertainties and

disagreements of these datasets could come from the uncertainties in the nuclear

effects or from a poor knowledge of the neutrino flux.

Future experiments like DUNE will consist of liquid Argon (LAr) and it is

crucial to understand the nuclear effect in the neutrino interactions models [2].
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FIG. 1.2: MINOS Far over Near flux ratio (taken from [1]).
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Large errors in cross section measurements and disagreements between experiments

lead to systematic uncertainties in oscillation measurements.

The MINERvA experiment is dedicated to study νµ and ν̄µ cross-sections neu-

trino in the 1-20 GeV range with high statistics for inclusive and exclusive channels

and with interactions on several nuclear targets (C, Pb, Fe, H20 and He) to inves-

tigate nuclear effects.

MINERvA is located on-axis in the NuMI beamline in the MINOS Target Hall

and it is designed to have a good reconstruction of the neutrino interactions [4]. It

consists of different nuclear targets that are followed by a core of scintillator strips

(called the tracker) and surrounded by electromagnetic and hadronic calorimeters.

One of the main challenges comes from the uncertainty in the neutrino flux.

A neutrino cross-section is calculated according to the equation 1.3 as the re-

constructed neutrino interactions divided by the neutrino flux and the number of

target nuclei (T). Any uncertainty in the flux enters directly to the cross-section

calculation. This is the reason why knowing the flux is crucial for MINERvA.

σ(E) =
N(E)

ϕ(E)× T
(1.3)

As an example of this challenge, figure 1.4 shows the coherent charged pion pro-

duction cross-section in νµ interactions recently published by MINERvA [5]. These

are the first high statistics measurements made of this channel. The uncertainties

are dominated by the flux, limiting the precision of the measurement (see figure

1.4b). This result is very important for the neutrino physics community since the

neutral current analog of this channel is a potential source of background in oscilla-

tion experiments.

This thesis is about determining the NuMI flux for the MINERvA experiment

developing a procedure and tools that can be used to determine the flux for any
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(a) νµ

(b) ν̄µ

FIG. 1.3: νµ and ν̄µ per nucleon charged current cross-sections [3].
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detector that sees neutrinos from NuMI. The structure is the following: after a

description of the NuMI geometry and capabilities (chapter 2), we are going to

develop our multi-layer approach described in chapter 3 consisting in the procedure

explained in chapter 4. In chapters 5 - 7 we will present and analyze our results.
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CHAPTER 2

NuMI beamline

I start this chapter introducing the aspects of the design and construction of

conventional neutrino beams as a general context to describe the NuMI beamline.

Not all parts of NuMI are included here, just the relevant components for under-

standing its geometry and capabilities in the context of this thesis. The major

challenges that are presented in detail are the focusing system and the hadronic cas-

cade from the primary proton beam to the weak decay producing a neutrino in the

beamline. All plots are based on direct output of the simulation, i.e., no correction

is applied to the hadronic model. The MINERvA strategy to correct the hadron

production mismodeling is presented in the chapter 3.

2.1 Conventional neutrino beams

The basic concept of conventional neutrino beams is to extract a very intense

proton beam from an accelerator and collide it with a target to produce short lived

particles, like pions and kaons, that will eventually decay to neutrinos. The targets

are thick (a few interactions length long) but narrow enough to allow the produced

particles to escape without interacting too many times. The particles produced have
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a boost in the direction of the beamline but in order to enhance the neutrino beam,

one or more Van der Meer’s magnetic horns ([6], [7]) are placed to focus the mesons.

After the horns, the particles enter a long vacuum or low density pipe where most of

mesons decay. The remaining muon and hadrons beams are removed by absorbers.

The main decay modes that produce neutrinos are presented in table 2.1.

Charged pions and charged kaons create predominantly muon neutrinos and a small

component of electron neutrinos. Muons can also be generated in these decays and

contribute to the electron neutrino flux but these are highly suppressed because they

are mostly absorbed before they decay.

Decay Chanel Branching ratio (%)
1 π± → µ± + νµ(ν̄µ) 99.9877
2 π± → e± + νe(ν̄e) 0.0123

3 K± → µ± + νµ(ν̄µ) 63.55
4 K± → π0 + e± + νe(ν̄e) 5.07
5 K± → π0 + µ± + νµ(ν̄µ) 3.353

6 K0
L → π± + e∓ + νe 40.55

7 K0
L → π± + µ∓ + νµ 27.04

8 µ± → e± + νe(ν̄e) + ν̄µ(νµ) 100.0

TABLE 2.1: Main decay modes and their branching ratios of charged pion, charged
kaons, neutral kaons and muons to neutrinos.

Considering a two body decay (like in decay types 1-3 at the table 2.1), we can

calculate the energy of the neutrino, assuming that they are moving in a near forward

direction, as a function of its meson parents (equation 2.1). Muon and meson masses

are represented by mµ and M , respectively, the angle of the neutrino flux respect

to the pion parent momentum is θν and the Lorentz factor (γ = Eπ(K)/M):

Eν ≈ (1− m2
µ

M2 )Eπ(K)

1 + γ2tan2θν
(2.1)

For detectors located on the beam axis (on-axis), like MINERvA and MINOS,

the angle θν is zero. Then the energies of the neutrino and its parent have a linear
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relation, Eν ≈ 0.43Eπ and Eν ≈ 0.95EK for pion and kaon parents, respectively.

For off-axis experiments like NOvA, where θν ≈ 12.26mrad, the relation becomes

non-linear due to the energy dependency of the Lorentz factor. Figure 2.2 shows

the functional form of the equation 2.1 for pion neutrino parents at three positions:

on-axis detectors (black line), the center of the front face of NOvA Near detector

(red line) and the center of MicroBooNE (in purple). For practical reasons, the

horizontal axis is cut at 10 GeV, but all off-axis curves reach a maximum and then

decrease their value monotonically.
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FIG. 2.1: Functional form given in equation 2.1 for three positions in NuMI beamline:
on-axis (MINERvA and MINOS) in black, off-axis (NOvA and MicroBooNE).

Some criteria when designing a conventional neutrino beam are the following:

• The proton beam. Depending of the physics goals, selecting the energy and

intensity of the primary proton beam follow two rules of thumb: firstly, higher

energy proton beams produce higher energy mesons and then more energetic

neutrino fluxes. Secondly, pion and kaon multiplicities are approximately pro-
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portional to the number of protons colliding on the target (POT) times the proton

energy (referred as a “proton power”).

• Target. Increasing the target length has the benefit to generate more interactions

of the primary protons, however, it can bring two undesirable effects: it enlarges

the scattering of the produced mesons and, in conjunction with an intense proton

beam, generates more interactions and a hotter target.

One way to have a cooler target is by making it wider but more material budget

will produce more scattering. With these considerations, targets are constructed

in small segments made of low Z materials (like carbon, beryllium or aluminum)

to dissipate the heat more easily. A cooling system is sometimes needed, depend-

ing on beam power.

FIG. 2.2: Diagram of a target and a single conical magnetic horn (taken from [6]).

• Focusing system. The challenge in focusing is to cancel the transverse momen-

tum (pT ) of as many hadrons that exit the target as possible 1. This means that

1Calculations indicate that it increases the neutrino flux by a factor of 25 approximately [6].
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higher pT hadrons have to travel more distance in the magnetic horns and, at the

same time, the interaction probability in the horns has to be minimized. Figure

2.2 displays the particle trajectories of pions entering to a horn. In this case, π+

are focused and π− are deflected due to direction of the magnetic field.

Modern magnetic horns are composed of 2-layered thin coaxial sheet conductor

with a volume between the layers filled with low density gas (air, helium or argon).

The current circulates in one direction in the inner layer and in the opposite

direction in the outer layer generating a toroidal magnetic field between layers

that falls as 1/R by Amperes law and has zero value outside the horn. Depending

of the direction of the current (and the magnetic field) the horns focus charged

particles with a particular sign and deflect particles with the opposite sign. In

this way, the wanted neutrino helicity is enhanced while the desired neutrino

chirality (background) is minimized.

The sketch in the left lower part of figure 2.7 shows this characteristic in the

context of NuMI description in the the next section. Furthermore, having a

parabolic front face makes the total distance travel by the particle in the horn

(and the total momentum change) proportional to pT .

• Decay Pipe. Increasing the length of the decay pipe allows more and also higher

pions to decay but makes fewer muons reach the absorbers and the number of

electron neutrinos increases. The final length depends of the required neutrino

energy and how much νe contamination is tolerable according the the physics

goals of the experiment. Ideally, the pipes should be evacuated to eliminate any

interactions but this requires more material in the windows of the pipe to keep the

vacuum (there are always some concerns of catastrophic failures in the system).

Pipes filled with helium or air reduces the neutrino spectrum by a few percentage

but are good alternatives.
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2.2 NuMI description

The NuMI design was motivated by neutrino oscillation studies ([8], [9]). The

parameters of the main components have been optimized to meet the objectives of

MINOS for the Low Energy (LE) run and NOvA for the Medium Energy (ME) run.

Its high intensity neutrino flux has been used by other experiments like MINERvA

to study cross-sections.

The NuMI neutrino beamline starts at Fermilab, Illinois, and travels through

the crust of the Earth towards the Soudan Mine in Minnesota and then exits the

Earth. In its travel, ∼ 1 km from the starting point, it encounters the MINOS Near

Detector and MINERvA, and at ∼ 730 km the MINOS Far Detector.

A schematic view of the NuMI beamline is shown in figure 2.3. A detailed

description of every part can be found in [8]. In this section, I will be focused on

those components related to this thesis: the primary beam, target, magnetic horns

and the decay pipe.

FIG. 2.3: Schematic view of NuMI beamline (taken from [8]).

2.2.1 Primary proton beam

The proton accelerator at Fermilab starts with H− ions being accelerated to

400 MeV kinetic energy in the LINAC (LINear ACcelerator [10]). Those ions
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are converted to H+ (protons) when they pass by a carbon foil and injected to

the Booster synchrotron ([11]), where the protons are accelerated to 8 GeV kinetic

energy. Some of these protons are used for the short baseline neutrino experiments

before entering to the Main Injector (MI).

The MI ring is a synchrotron accelerator of 3.3 km circumference that, in turn,

accelerates the protons to 120 GeV, which are then used for many purposes. It

served as the proton (and antiproton2) source to the Tevatron, provides beamlines

for fixed target experiments and test beams, it is also used to create neutrinos.

Protons from NuMI are extracted in 6 batches3 in approximately 10 �s in a “single

turn”4 and bent 58 mrad downward towards the MINOS Near detector. Figure 2.4

shows a plan and elevation view of the NuMI Beam Facility. The beam is directed

to the Target Hall, 41 m underground, that contains the target and the magnetic

horns.

FIG. 2.4: Plan elevation view of NuMI Beam Facility (taken from [8]).

The beam spot size at the target is gaussian with σx = 1.1mm and σx = 1.2mm.

2The Main Injector provided protons to the antiproton accumulator up to 2011 when Tevatron
ceased operations.

3During the Tevatron era, 5 batches were destined to NuMI and 1 for the antiproton accumulator
for Tevatron and the NuMI extraction time was 8 �s.

4“Single turn” technique is a fast deliver of the entire beam in a single extraction[12].

16



In the LE run, the cycle time was between 2.1 s and 2.4 s per spill with 2.2E13

POT/spill in 2005 rising to 3.6E13 POT/spill in 2012. The average beam power was

∼ 250 kW. For ME run, an upgrade is currently in progress to reach 700 kW beam

power for NOvA physics goals. At the time of writing, the power is already∼ 400 kW

with a 1.3 s cycle time. The beam spot is wider than in LE with σx(y) = 1.3mm

RMS.

2.2.2 Target

The target is a rectangular graphite rod with 1.78 g/cm3 density and it is

segmented in rectangular pieces (called “fins”) rounded at the edges and stack along

the beam direction with a small space between them. The target is cooled by water

that circulates in a pipe bonded to the upper and lower edge of each fin. The whole

target is enclosed in a helium container. Budal monitors are placed upstream to

check the position of the target by scanning the beam in the horizontal or vertical

direction 5.

A picture of the LE target can be seen in figure 2.5.

FIG. 2.5: Photograph of the LE NuMI target [14].

A sketch is shown in figure 2.6 for details aid. At the top, a longitudinal view

of a couple of fins where X, Y and Z represent the distance between fins, the fin

5Budal Monitors measure the signal from electron and other particles that are kicked off when
the proton beam interact in a fin. They provide a position dependent signal proportional to the
beam intensity. The original proposal can be found in [13].
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length and the length of the rounded side. At the bottom, a cross-sectional view of

the LE (left) and ME (right) targets and their dimensions. The blue circle indicates

the incident point of the proton beam.

FIG. 2.6: LE and ME target draws.

For LE run, the target consists of 47 vertical fins plus 1 additional horizontal fin

with a Budal monitor 6. Each fin is 20mm long (Y), 15mm tall and 6.4mm wide.

The space between fins is 0.3mm (X). The beam is center exactly in the center of

the transverse view of the target. The Budal monitor is placed 167.2mm upstream

of the target for horizontal scanning.

For the ME run, the target consist of 48 vertical fins plus 2 additional fins with

Budal monitors, one vertical and the other horizontal. Due to the higher beam

6The system fin with a Budal monitor is simply called “Budal Monitor” (BM) in the context
of this thesis, unless otherwise indicated.
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power, ME fins are larger than the LE ones. Each fin is 24mm long (Y), 63mm

tall and 7.4mm wide. The separation between fins is 0.5mm (X). The location of

the beam is at the center of the horizontal side but 3.7mm from the top of the

target. The Budal monitors have the same dimensions as the fins: the vertical one,

for vertical scanning, is located 28.5mm from the target, while the horizontal one,

for horizontal scanning, is placed 57.5mm from the target.

A 1.5m long baffle protects the target and the horns (especially the neck of the

horn) from any missteering of the beam and it helps monitor the beam. It consists

of a 57mm diameter graphite core with a 11mm diameter hole, all encased in an

aluminum tube and two 0.5mm thickness beryllium windows. The target, Budal

monitors and Baffle are mounted in the same carrier. This allows them to be moved

together and control the distance respect to the horn when the beam configuration

changes.

Table 2.2 summarizes the main differences between the target in LE and ME

configurations.

LE ME
Cross Sectional view 6.4 x 15 mm2 7.4 x 63 mm2

Segment length 20 mm 24 mm
“Fins” 47 + 1 BMs 48 + 2 BMs
Total Length 960 mm (∼ 2 λ) 1200 mm (∼ 2.5 λ)

TABLE 2.2: Summary of LE and ME target parameters.

2.2.3 Magnetic horns

NuMI uses two magnetic horns, each one 3 m long. A current circulates though

the inner conductor (IC) and returns by the outer conductor (OC) creating a toroidal

magnetic field between them. The conductors are made of aluminum and the field

part is filled with Argon. Figure 2.7 shows a not-to-scale sketch of the cross-sectional
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view of Horn 1, indicating the direction of the current and the magnetic field affecting

the particles that enter the horn from the target. The picture in figure 2.7 is a

photograph of the real Horn 1 Inner Conductor in the welding machine before being

placed in the Target Hall.

FIG. 2.7: Photograph of the Horn 1 in the welding machine before being place in the
Target Hall [14]. In the bottom left corner, a sketch of the target and Horn 1 indicating
some possible particle trajectories.

The IC surface is made of two parabolic surfaces of rotation, one upstream and

the other downstream, welded together with a short cylindrical neck. The thick-

nesses of the parabolic parts are 2mm and 3mm for Horn 1 and Horn2 respectively,

and the neck is 4.5mm thick. The OC diameter of the Horn 1 is ∼ 35 cm Horn 1

and for the Horn 2 is ∼ 79 cm, with 25.4mm thick.

The current pulsed is a half-sine wave with typical values 182.1 kA and 200 kA
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for LE and ME respectively. The duration of the pulse is 2.3 ms and it is long enough

to provide a stable magnetic field. The inside surfaces of the ICs are continuously

sprayed with cooling water to remove heat.

A map of the magnetic field in the Horn 1 is shown in figure 2.8 a) with

respect to the beamline direction (Z) and the vertical position (Y) in the simulation

coordinate system. The NuMI simulation will be explained in section 2.2.5. Due to

the transverse symmetry of the horns, the Y axis can be replaced by a radial axis.

The dashed line represents the target in the nominal position for LE (more details

about target longitudinal position will be given in section 2.3). The maximum

magnetic field is around 2.7T in the neck region, creating the need for a thicker

conductor. The field decreases as 1/r as can be seen in the radial distribution in

figure 2.8 b).

The relative distance between horns and the Horn 1 and the target are crucial

to the focusing process. Horn 2 is located downstream from Horn 1 at 7m and 16m

approximately in LE and ME respectively. Also, in the ME configuration, the target

is pulled back from the Horn 1. The effect that this causes in changing the beam

energy is explained in section 2.3.

One way to understand the effect of the focusing system is by splitting the

neutrino flux spectrum in categories (called “focusing components”) with respect

to how the neutrino parent travels from the target through the horns (as display in

figure 2.9) and it depends of the absolute momentum and the relative value of the

transverse momentum with respect to the longitudinal momentum. These categories

are:

• Unfocused: mesons that pass through the necks of both horns (solid red line).

They have high momentum (typically more than 15GeV/c) and very small pT

(pT < 0.1GeV).
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(a) Longitudinal cross sectional distribution (the target in LE010z position
configuration is drawn in dashed line as reference).
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FIG. 2.8: Horn1 magnetic field for 185i current configuration (182.1 kA).
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• Horn2-only: mesons that pass through the neck of the first horn and cross the

Horn 2 (dashed red line). They have an intermediate energy (typically between

9-15 GeV/c) and the transverse momentum creates a small deviation from the

beamline.

• Underfocused: mesons that pass through both horns receiving a correction in

Horn 1 and complemented by Horn 2 (solid orange line). The momentum of these

particles in the LE mode, is in 5-15 GeV/c range and a pT > 0.2GeV/c.

• Horn1-only: mesons that are affected only by the Horn 1 and not by the Horn

2. They have pT > 0.2GeV/c as in underfocused category but less momentum

making the Horn 1 bending the particle to the Horn 2 neck. Mesons in this

category used to decay into neutrino early.

• Overfocused: mesons with low momentum (typically less than 5GeV in LE

configuration) that are overcorrected by the Horn 1 and that are also corrected

by the the Horn 2.

In the appendix A, figures A.2-A.7 show the kinematic distribution of π+ neu-

trino parents when they exit the target per focusing components and per beam

configuration.

Figure 2.10 shows the focusing components for the νµ flux at MINERvA in the

LE101z185i beam configuration (the beam configuration convention is explained in

the next section). In addition, the category “others” has been added for those

neutrino parents born outside of the target (dashed black line). The total LE νµ

flux that passes through MINERvA is shown as a solid black line.

The ratios of every focusing component with respect to the part of the νµ flux

in MINERvA that has a π+ parent and K+ parent are shown in figure 2.15 a) and

b), respectively. As will be seen later in section 2.4.1, most of the neutrinos with
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FIG. 2.9: Focusing components.
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FIG. 2.10: focusing components of νµ flux in LE010z185i that pass through MINERvA.
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energy less than 20GeV have a π+ parent and greater than 20GeV, a K+ parent.

For π+ we extend the neutrino energy to 20GeV. As we expect, as we go from

higher to lower momentum, unfocused, underfocused and overfocused pion decays

populate the νµ flux. A narrow momentum range values allow the pions to be

focused by just one horn. The very low energetic neutrinos come mostly from pions

born outside of the target from secondary and tertiary hadrons.

The ratios forK+ cover up to 40GeV. The underfocused kaons become relevant

around 5-20 GeV. For energies in 20-40 GeV, the horn2-only component kaons are

predominant.

The NOvA Near Detector νµ flux spectrum and its focusing components are

shown in figure A.8 in the appendix A.

2.2.4 Decay pipe and Absorbers

The Decay Pipe begins 46m downstream of the NuMI Target Hall. It has a

cylindrical shape with a 1m inner radius, 675m length, and is surrounded by a

9.5mm thick wall made of iron. It is cooled by water and surrounded by poured

concrete shielding. Almost all pions with energy less than 10GeV decay to νµ in

the Decay Pipe.

Originally the pipe was evacuated but later was filled with helium gas. The

effect of adding He on the neutrino spectrum was of the order of 10% reduction

around 3-4 GeV and 5% increase for higher energies. In the context of this thesis

and motivated by the simulation name convention, the Decay Pipe inner volume is

abbreviated as DVOL and its wall as DPIP.

Just downstream of the Decay Pipe a massive structure made of aluminum,

steel and concrete is placed to absorb the residual hadrons still remaining in the

cascade. Is is a box 5.5m wide, 5.6m tall, and 8.5m long. Following the absorber,
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240m of earth, mainly dolomite rock, separates the Absorber and the MINOS Hall.

The rock shields experiments in the MINOS hall from the residual µ beam.

The NuMI components that were described in this section are relevant in the

context of this thesis, as will be clear in section 2.4. Other major components, like

the muon and hadron monitors, can be found in [8].

2.2.5 NuMI simulation

The geometry and physics associated with the NuMI beamline are implemented

in a entirely GEANT4-based ([15]) Monte Carlo (MC) simulation called g4numi. 7

The choice of GEANT4 is due its flexibility, allowing many user customizations,

such us selecting between different physics models, attaching particular processes

to particles and, even modifying the source code to extract desired information not

usually available to users.

The origin of the simulation′s coordinate system (called MCZERO) is located

approximately at the front face of Horn 1 and along the trajectory of the primary

proton beamline. The position convention follows right handed orientation Cartesian

coordinates. The longitudinal axis (Z axis) direction overlaps with the beamline (i.

e. 58mrad downwards). The Y axis is vertical. Figure 2.8 shows the target in

LE010 configuration (explained in section 2.3) and Horn 1 positioned in the MC

coordinate system.

The simulation starts with a 120GeV kinetic energy primary proton beam with

a Gaussian beam transverse profile distribution (σ = 1.1mm). The main geometrical

details have been considered: the NuMI Target Hall including every component, the

decay pipe, the absorbers, etc. However, the flux prediction is more sensitive to some

elements than others. As described in section 2.5, any mismodeling, particularly

7The geant4 version used is geant4.2.p03.
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concerning the focusing process (the target and horns) can lead to a bad prediction

of the flux. The simulation chain ends at the point where a neutrino is produced.

we use the hadronic model package called FTFP BERT, that combines the

FRITIOF Precompound model [16] for processes with energies greater than 4GeV

and the Bertini cascade model for energies less than 5GeV [17]. FTFP BERT also

incorporates the standard electromagnetic processes. More details about this model

package and their agreement with measured data is discussed in chapter 4.

The g4numi output is a ROOT-based n-tuple file with a record of all infor-

mation of the neutrino production. Neutrino generators like GENIE ([18]), used

in MINERvA as the standard MC generator, use the meson decay points and mo-

menta to generate neutrinos and simulate their interactions in a detailed detector

geometry.

G4numi also calculates the probability of a neutrino to be produced in a par-

ticular direction given its parent kinematics. “Forcing” this direction changes the

neutrino energy as well (as in equation 2.1). The probability of this occurring can

be stored as a “weight” along with the new energy to make fast calculations of the

flux in particular points in the beamline. The flux calculation at a single point is a

good approximation for the flux at an extended detector if its location is far enough

that sees the neutrino production as a point source. For detectors close enough to

the neutrino production place to see it as an extended source, the flux at a single

point in the detector is a rough estimation of the true flux through the detector,

suitable for systematic uncertainty studies and to have a quick look of the neutrinos

passing through a detector.

In this thesis, the flux for MINERvA (shown in chapter 5 to 7) is integrated

over its fiducial volume (see section 3.5). The extension of our procedure (section 4)

to other detectors takes NOvA Near Detector as example and the flux is calculated

at the center of its front face.
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Flux challenges

There are two main challenges when calculating NuMI flux using a simulation:

• Hadron production. The MC flux relies on the underlying hadronic models

and their predictions can have significant disagreements with data since QCD is

not a completely calculable theory at the energy scales of interest. Constraining

hadron production models used in the simulation by applying external data is a

major topic of this thesis and it will be cover extensively in chapter 4.

• Focusing uncertainties. Any geometrical mismodeling can lead to a bad flux

prediction, especially around the target and horns system where the flux seems

very sensitive to the hadron directions. The simulation has an idealized setup,

where the implementation of the volumes needs often be simplified. On the other

hand, the parameters involved in NuMI ′s construction such as the location of

beamline elements have inherently associated uncertainties. The MC simulation

is used to calculate the effect of those uncertainties on the flux. This is covered

in section 2.5.
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2.3 NuMI fluxes

NuMI has been constructed as a tunable beamline. Different energy spectra

and intensities of the neutrino flux can be achieved by changing the magnitude

and direction of the the magnetic field, as well as the relative distance among the

target, Horn 1 and Horn 2. The idea is to be able to select and enhance the

focusing of particles produced in a specific kinematic phase space and have a flexible

beam energy. This is a key feature of NuMI that allows the exploration of neutrino

oscillations at different ∆m2 (section 1.1).

The NuMI main modes are called Low Energy (LE) and Medium Energy (ME).

During the LE era, the horns positions remain fixed while the target was remotely

movable, allowing experimenters to tune the neutrino energy. As was mentioned in

section 2.2.2, the target, Budal monitors and baffle were placed in the same carrier in

order to make this change easily. For ME, the Horn 2 has been moved downstream

from Horn1 while the target was moved upstream, producing the same energy shift

in the flux spectrum but more efficiently as just moving the target.

The direction of the current pulsed to the horn conductors can be selected to

focus or defocus hadrons with a particular charge. When π+ (and K+) are focused,

it enhances the muon neutrino component of the flux. This mode is called “Forward

Horn Current” (FHC). The opposite current direction creates a magnetic field that

focuses mainly π− to enhance the muon antineutrino flux. This mode is called

“Reverse Horn Current” (RHC).

Low Energy Beams

As was mentioned, in LE the target is longitudinally movable and the current

value can be selected. The convention for LE configurations is “LEXXXzYYYi”.

The z=0 position (LE000z) corresponds the place where the target is inserted into
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the Horn 1 as far as it can physically goes without touching the IC. XXX is the

distance upstream from z=0 (in cm). The current is expressed as YYYi, where YYY

is a reference magnitude (in kA) approximately the value used in the configuration.

Table 2.3 contains the LE runs during the MINERvA run period.

Name Configuration Current (kA) Displacement from z=0 (cm)
LE FHC LE010z185i 182.1 -10.0
LE RHC LE010z-185i -182.1 -10.0

LE OHC (“horn off”) LE010z000i 0 -45.0
Pseudo ME FHC LE100z200i 196.8 -100.0
Pseudo ME RHC LE100z-200i -196.8 -100.0
Pseudo HE FHC LE250z200i 196.8 -250.0

TABLE 2.3: Naming convention and parameters for LE NuMI runs for MINERvA data
period.

The LE010z185i and LE010z-185i configurations were the long term runs for

the LE era (2005-2012) and they have been used to achieve the physics goals in

MINERvA [4] and MINOS [19]. The main result of this thesis is the flux deter-

mination for these configurations. The target is positioned 10 cm from z=0 (as a

visual aid, figure 2.8 a) shows the target location respect to the Horn 1 in the MC

coordinate system, i.e, LE010z).

The black line in figure 2.12 shows the on-axis flux spectrum for νµ in “LE010z185i”

with its characteristic peak around 3GeV (“LE010z-185i” has similar peak for ν̄µ)

and its long energy tail that is extended up to 120 GeV.

By moving the target upstream with respect to “LE010z” the peak energy

shifts to higher values (table 2.3). The LE100z200i and LE100z-200i configurations

have 100 cm target displacement from z=0 and their peaks are at 5GeV for νµ

and ν̄µ, respectively. In the “LE250z200i” configuration the target is moved 250 cm

from z=0 and the peak shifts to 8GeV. NuMI ran in these configurations for

short periods of time allowing systematic cross-checks by measuring the neutrino

interaction rates in MINOS and MINERvA in a given neutrino energy bin but with
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different hadrons contributing in the different tunes. The spectrum when turning the

horn currents off is also shown and we can note that the flux decreases significantly

in this configuration.
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FIG. 2.12: MC νµ fluxes for LE runs.

Figure 2.13 shows the yields of π+ that leaves the target to generate neutrinos

that pass through MINERvA in different NuMI configurations. For LE010z185i,

most of the π+ are focused in the the region between 2-15 GeV/c longitudinal

momentum and transverse momentum less than 600MeV. The biggest contribution

comes from pZ = 7 GeV/c as we expect for a 3GeV LE peak using formula 2.1. For

LE010z000i, just pions with very small transverse momentum will decay, rather than

hitting material, to neutrinos that are forward enough to pass through MINERvA.

This is the reason why the particle focusing is important in any modern conventional

neutrino beam.

The LE100z200i and LE250z200i configurations, focus higher momenta π+ for

two reasons:
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FIG. 2.13: π+ yields that exit the target in for different beam configurations at MINERvA
and NOvA Near Detector.
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First, when the target is moved away from Horn 1, highly energetic pions that

in LE pass neck-to-neck by the horns and decay to neutrino unlikely to travel on-axis

can be focused by both horns now. This is the main contribution to the spectrum

as can be seen in the “underfocused” plot in figure A.1 (appendix A).

Second, some “unfocused” and “horn2-only” pions are now part of the “horn1-

only”, “underfocused” and “overfocused” categories. For example, a fast pion with

small transverse momentum that is focused just by Horn 2 in LE can pass the Horn

1 with the same transverse momentum in the special runs (see figures A.2 to A.7).

Medium Energy Beam

By moving the target upstream, the peak energy of the on-axis neutrino flux

increases. But this procedure is more efficient when the relative distance between

horns is simultaneously enlarged. The reasoning is the same as in the “special runs”:

more highly energetic neck-to-neck pions can be caught by the horns before their

transverse momentum make them diverge from the beamline and crash into the

walls. However, moving Horn 2 further away is more efficient than just moving the

target. In this way, the ME flux spectrum is approximately 30% greater than in

LE100z200i configuration.

The bottom left plot in figure 2.13 shows the π+ yields off the target. A

significant shift to larger longitudinal momentum values can be noted in comparison

to LE010. The result is the flux spectrum in figure 2.14 (red line). The peak is

approximately at 6GeV with a small bump at 3 GeV due to overfocused pions.

The NOvA Near Detector is located 12.26mrad off the beam axis and, due

to equation 2.1, the neutrino energy spectrum is peaked at lower energy, and is

significantly narrower than the spectrum sees on axis (see figure 2.14).
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2.3.1 Beam components

Figure 2.15 shows the flux components for different beam configurations. The

neutrino type focused in FHC modes are muon neutrinos with a small (few percent-

age) background contamination from muon antineutrino, that is totally unfocused.

The background comes mainly from mesons produced outside of the target and some

“horn2-only” mesons. The electron neutrino flux in LE010z185i represents less than

1% of the total flux and about 0.8% in the focusing peak according to the simulation.

Conversely, muon antineutrinos focused in LE010z-185i flux are the main com-

ponent up to 8 GeV. For higher energies (> 10GeV), when the flux comes mostly

from unfocused meson parents, the muon neutrino contribution is dominant due to

the fact that more positive mesons are produced than negative mesons in the target

but also K+ are focused (see figure 2.15).
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2.4 Hadronic cascade in NuMI

When the primary proton beam interacts with the target (carbon) or with any

other NuMI volume (made of carbon, aluminum, iron, helium, etc) it generates a

hadronic cascade creating pion, kaons, protons and other particles. Some of them

decay to make neutrinos but others may interact in any NuMI component. The

hadronic interaction chain, i.e., the history of how a neutrino has been produced, is

very important because each one of these interactions relies on a MC model and we

need to know how well that model is representing nature.

The NuMI hadronic cascade is composed of many interactions of different par-

ticles and materials. The objective of this section is to recognize which of these

interactions are relevant for the neutrino flux in order to look for data to apply in

the correction procedure described in chapter 4. Most of the analysis is based pri-

marily on νµ in LE010185i (with some νe plots). The corresponding plots for NOvA

have been placed in appendix A.

2.4.1 Neutrino ancestries

Figures 2.16 a) and b) show the LE010z185i flux split in terms of the parent

and grandparent identity for the main particle contributions that passes trough

MINERvA (plots NOvA are in figures A.9 and A.10). The parent identity plots

are extended up 40GeV but for simplicity, the corresponding grandparent plots are

only shown to 10GeV.

The main contribution for muon neutrinos at energies less than 20GeV comes

from π+ (∼ 97%). In terms of the grandparents, they come from the primary

proton (∼ 57%), secondary and tertiary protons (∼ 15.8%) and π+ (∼ 10%). The

high energy tail (ν energy > 20GeV) is dominated by K+.

Electron neutrinos up to 10GeV come, basically, from µ+ decays (∼ 85%) and
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K+ (∼ 11%). and most of their grandparents are π+ (∼ 84%) For higher energies,

the electron neutrino generation is dominated by K+ with a small contribution of

neutral kaons.

For NOvA, the trend is similar but the transition between parent identity is

6GeV for νµ and 5GeV for νe.

2.4.2 Interaction map

A tool has been developed to make a complete survey of all interactions which

happened in NuMI that lead to a neutrino. This was done to obtain a more quanti-

tative view of which projectile and produced particles, as well which materials, are

relevant to understand the flux. This “interaction map” counts the average number

of hadronic interactions per event for each neutrino flavor.

Figures 2.17 and 2.18 are examples of two interaction maps of νµ in LE010z185i

integrated over 0-20 GeV (the corresponding NOvA maps are in figures A.11 and

A.12). Fields with less than 0.001 interactions are not filled. The horizontal axes

have the relevant NuMI materials.

The vertical axis of figure 2.17 has all possible hadron projectiles. The main

contributions come from interactions that happen on carbon, basically in the target.

Other relevant materials are aluminum (horn inner conductors), iron (decay pipe

walls), and air (target hall). Other significant projectiles are π+ and neutrons. Due

to the neutrino energy cut at 20GeV for these plots, the K+ contribution does not

appear.

Figure 2.18 shows the interaction map for incident proton. This map contains

the number of produced particles per νµ events vs. the NuMI target materials

(numbers less than 0.001 are not shown). Interactions with incident protons happen

mainly in carbon, producing protons and π+.
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2.4.3 Hadronic production

The kinematic distribution of hadrons produced in primary proton interactions

on the target is shown in figure 2.19 for 6 particles: π+, π−, K+, K−, protons

and neutrons in terms of Feynman-x and transverse momentum. This corresponds

to muon neutrinos in LE010z185i and similar plots for muon neutrino in NOvA

are in figure A.13. For charged pions and kaons, an additional line on the top

has been placed with the approximate expected neutrino energy using formula 2.1.

The plots are normalized to 106 POT’s and the bin sizes are: ∆xF = 0.02 and

∆pT = 0.02GeV/c.

The region of interest for π+ is xF < 0.15 and 0.05 < pT < 0.55. This region

contributes to the focusing peak. π− and K− look defocused in the same region

and their contribution is very small. K+ production has an extensive area, but

the region of interest is xF > 0.17 where they become dominant in the neutrino

spectrum. Protons have a wider xF range and it can be split in two regions: one

for xF < 0.95 that has a peak around 0.5 and other for xF > 0.95 that corresponds

to protons likely to be quasi-elastics (see chapter 4). Neutrons make a very small

contribution to the LE flux.

2.4.4 Beam attenuation

The relevant amount of material traversed by hadrons in the neutrino chain

leading to a muon neutrino in LE010z185i is shown in figure 2.20 (Similar plot for

NOvA can be found in figure A.14). The importance of this quantity in correcting

the flux is seen in section 4.2.1. The figure corresponds to the primary and secondary

protons passing through the target (C), and π+ crossing the target (C), the horn

inner conductors (Al), the decay pipe volume (He) and the decay pipe walls (Fe).

The horizontal axis is the material traversed (mol/cm2 units) and the bin size is
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FIG. 2.19: Hadron production from the primary proton beam interacting in the target
for νµ flux passing through MINERvA in the LE010z185i configuration.
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0.1mol/cm2.

The top left plot corresponds to the primary proton in the target and shows the

characteristic exponential behavior one expects. The peak at the 14mol/cm2 come

from protons that leave the target without interacting. The top right plot shows

the secondary protons per momentum in log scale with a peak at high momentum

due to those created quasi-elastically.

The rest of the plots are for π+ neutrino parents in different materials. In

the target, most of them traverse less than 2.5mol/cm2 ∼ 20 cm. Though the

horns inner conductor is thin (2-4 mm), the horns are long and skinny resulting

in rather long path lengths (around 1mol/cm2 ∼ 10 cm). In the decay pipe it is

1mol/cm2 ∼ 275m but with a limit at 2.45mol/cm2 ∼ 675m, length of the pipe.

The decay pipe walls are negligible.

Table 2.4 summarizes the density and mass number of the NuMI volumes in-

cluded in figure 2.20. This corresponds to the volumes where the attenuation cor-

rection is applied (see chapter 4).

Volume Material Mass number (g/mol) Density (g/cm3)
TGT and BM carbon 12.01 1.83
IC aluminum 26.98 2.7
DVOL Helium 4.003 0.000145
DPIP iron 55.85 7.87

TABLE 2.4: Material information for volumes considered in figure 2.20.

2.5 Focusing uncertainties

In this section, I present the uncertainties in the flux that come from the fo-

cusing system. Some of these efforts were inherited from MINOS studies ([20]) like

the transverse horn offset, the baffle scraping, the POT counting and the horn cur-

rent magnitude. We revisited the horn current distribution and added the horn
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FIG. 2.20: Material traversed of particles in the NuMI beamline for νµ flux passing
through MINERvA in LE010z185i configuration.
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inner conductor shape, target position and water layer around the inner conductor

uncertainties.

We expect that those uncertainties directly related to the relation of target and

horns as well as to the horn parameters impact the region just outside the focusing

peak and has low impact for high energies. The reason for this is that all parameters

involved (distances, materials, etc) have been optimized to have a small uncertainty

on the flux peak (to be more precise, in the Far over Near ratio for oscillation studies)

and there was big efforts to make the simulation very close to the actual setup in

place. The biggest uncertainties are in the falling edge of the flux spectrum (4-6

GeV) as can be seen in the figure 2.21 that shows the fractional shifts by 1 sigma in

the LE FHC mode.

A brief description of each uncertainty is presented in the rest of the chapter in

the context of the νµ flux in LE010z185i at MINERvA and MINOS. These were cal-

culated using MC simulation considering the uncertainty on each parameter given

by the NuMI beamline group. The general procedure is to vary each parameter by

±1, 2, 3σ around its accepted value and see the effect on the neutrino flux. Under-

standing an uncertainty means knowing, as well as we can, the effect of a change

in that parameter. In our case, we need to see the effect on the flux when we vary-

ing a parameter. Some of the effects are clearly linear (like POT counting), while

other effects need further investigation to see the exact functional dependency of

the change. In this case, several sigma flux deviations were simulated and a second

degree polynomial was used to find this form in different neutrino energy bins. The

fractional shift on the flux is taken in each bin by evaluating the resulting polynomial

at ±1 σ.
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2.5.1 Transverse horn offset

This uncertainty was considered to be a σ = 1.0mm offset. In [20] Horn 1 and

Horn 2 misalignments were study separately and the total effect is in the red line

in figure 2.21. That line also include smaller effects as angular misalignments of the

horns.

The result is the undesirable effect of reducing the flux in the focusing peak

by 0.05% even while it increases by 2% the flux in the 4.5 - 8 GeV energy range.

For example, in the focusing peak, “horn2-only” mesons with small angles that

need slight focusing by Horn 2, are now deviated in Horn 1 and become unlikely

to contribute to the flux when we move the Horn 2 (in analogy can be made for

“horn2-only” mesons). But moving the horns makes high energy mesons that would

pass neck-to-neck be focused and become more likely to contribute to the on-axis

flux.

2.5.2 Baffle scraping

This uncertainty comes from neutrino ancestors that are produced when the

primary proton beam interacts with the baffle upstream of the target First, by fitting

the proton beam profile to a Gaussian and calculating the fraction of the beam

expected to hit the baffle. Second, by measuring the beam induced temperature

change in the baffle and relating that to the number of interactions. This gives a

0.25% protons that hits baffle as can be seen in [20].

Baffle scrapping decreases the number of low energy pions, including those that

contribute to the focusing peak. On the other side, more high energy pions are able

to be focused now. The orange line in figure 2.21 shows a very small reduction in

0-5 GeV neutrino energy and a flux increase of no more 1% in the 5-11 GeV region.
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2.5.3 POT counting

NuMI directly measures the number of protons in the beam using two Toroid

Intensity Monitor Integrators [8] with a uncertainty of 1% (see [20]). To take into

account other beam related parameters like its position and width, the uncertainty

is conservatively taken as 2%. The POT value is an overall normalization.

2.5.4 Horn current

The uncertainty on the horn current magnitude is estimated to be 1%, gener-

ating a corresponding uncertainty in the magnetic field value. The falling edge of

the flux peak increases by 6.5% when the current increases (as seen in the green line

in figure 2.21) and it decreases when the current decreases.

The skin depth effect (δ) of the conductors was reassessed [21] and it was found

that the current is approximately uniformly distributed inside the conductor for

δ ∼ 7.7mm 8. We varied δ within its nominal uncertainty (due to the uncertainty

on the magnetic permeability) and found no change in the flux, so the skin depth

systematic was removed.

2.5.5 Horn inner conductor shape

The NuMI simulation was upgraded to incorporate a more accurate geometric

and magnetic model of horn 1 [22].

The main addition is a better representation of the inner conductor shape.

Due to some limitations in the geant4 geometry package, the parabolic part was

approximated by segmenting it into in small cones with 50 �m length each one (it is

called “old horn model” in this thesis). Ideally the horn model would have infinite

8This value correspond to to 2.3ms pulse duration and inner conductor thickness between 2-4
mm
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number of infinitesimal length segments. The impact of improving the segmentation

by making it 50 times finer (“new horn model”) and thus better modeled, is to reduce

the flux up to 6% in the 4-6 GeV range for LE FHC and up to 14% in 7-14 GeV

for ME FHC as can be seen in figure 2.22. This suggests that this change especially

affects mesons leaving the target and passing the neck in their trajectory before

decay.

FIG. 2.22: Effect of the new horn model on the νµ flux at MINERvA for the LE010z185i
and ME000z200i configurations.

As it is described in section 3.5, the new horn model was not implemented for

the current MINERvA published papers.

The new horn model has an effect that is very similar to the effect we see when

we reduce the horn current by 0.8%. Using this fact (and due to the time scale

of this thesis), we reused the horn current magnitude uncertainty shape for this
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systematics assigning 100% uncertainty. The result is the light blue line in figure

2.21.

2.5.6 Longitudinal target offset

An optical survey has been made to determine the exact longitudinal position

of the target after moving the target carrier between different NuMI configuration

runs [23]. The uncertainties of these values are around 1mm. Any shift from the

nominal positions shown in table 2.3 affects the neutrino spectrum since the relative

position target - Horn 1 is crucial in the particle focusing.

The precise position of the target was implemented in g4numi by splitting each

NuMI beam configuration in run periods using the values given by the survey for the

time when MINERvA starts taking data. Every run period is known as a playlist

and it is named using the label minervaX, where X corresponds to a run period.

This involves generating flux predictions for each playlist as can be seen in table

2.5.

Beam configuration Playlist ∆Z (cm)
LE010z185i minerva1 +0.50

minerva7 +0.82
minerva9 -0.40
minerva13 +0.87

LE010z-185i minerva +0.50
minerva5 +1.15
minerva10 +0.82

LE010z000i minerva6 +0.82
LE100z200i minerva2 +0.43

minerva11 +0.83
LE100z-200i minerva3 +0.43

minerva12 +0.83
LE250iz200i minerva4 +0.43

minerva8 -0.09

TABLE 2.5: MINERvA LE flux playlists. The shift in the target position ∆z is with
respect to the nominal position.
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Figure 2.23 shows the impact of the longitudinal target displacement in the νµ

flux for LE FHC mode. Moving the target upstream produces a decrease in the flux

in 4-6 GeV energy region.

FIG. 2.23: Longitudinal target position displacement effect in the νµ flux at MINERvA.

We use the longitudinal target position uncertainty from MINOS studies, that

assume 1 cm uncertainty (blue line in 2.21) even when we use the survey data in our

simulation. This value is clearly overestimated value and needs to be revised in the

future.

2.5.7 Water layer uncertainty

The horns are constantly sprayed with cooling water which is deposited around

the inner conductor creating a thin layer. The sketch in figure 2.24 shows the horn

52



inner conductor from the transverse view (left side) and the longitudinal view (right

side) located between a < r < b (light violet curve).

FIG. 2.24: Sketch of the position of the water layer around the horn inner conductor.

A 1 mm thick water layer was implemented in g4numi [24] (the NuMI Beam

group estimates 1 mm thickness as the maximum expected) and the effect on the νµ

flux in LE010z185i is shown in figure 2.25: four percent reduction on the flux to due

the meson absorption on the water for energies less than 4GeV. The uncertainty

applied was 0.5mm (blue line in figure 2.21).
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FIG. 2.25: Effect of 1mm water layer around the Horn 1 inner conductor in the νµ flux
at MINERvA in the LE010z185i configuration.
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CHAPTER 3

Overview of neutrino flux

determination strategies

As was described in chapter 2, there are two primary sources of uncertainties

in NuMI and in most conventional neutrino beams. One of them comes from the

incomplete knowledge of the physics of the hadronic interactions that makes the

simulation relies on phenomenological models, and the other one comes from some

geometrical unknowns associated with the focusing process, relevant in some neu-

trino energy ranges. This chapter is dedicated to presenting different approaches

to determine the neutrino flux in a conventional neutrino beam context as well the

MINERvA strategy. We do not pretend to present the strategies of all experiment′s

approaches in detail. We want to place the MINERvA efforts as a part of a bigger

effort in the experimental neutrino community.

We can distinguish two kind of procedures: those that determine the flux as

an external input, i.e., without any intervention of the detector in where they are

trying to find the flux (we show as an example the hadron production constraint

using external data in section 3.1) and other procedures that require the use of
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some data taken in the same detector for which we are trying to calculate the flux,

but applying a criteria to deconvolute the flux (a “standard candle” process) that

produced the data. This last procedure is called in situ, and we present three

examples: multi-beam fitting (section 3.2), the low-nu method (section 3.3) and the

neutrino - electron scattering constraint (section 3.4). Other procedures are not

considered here (like the use of muon monitors [25]) because they are not within the

scope of this thesis.

3.1 Using external data

To apply a constraint to the hadron production in the cascade that leads to a

neutrino in the flux simulation, we need to have some knowledge about the number

of hadrons produced in the interactions and their kinematic distributions.

During the past decades an extensive program has been running in many exper-

iments to measure cross-sections of hadron-nucleus collisions in the non-perturbative

QCD regime. This has been useful to understand the effects of the intra-nuclear

interactions and test model hypotheses. In recent years, new experiments have been

running, motivated by the search for the quark-gluon plasma and to help to improve

the simulations of neutrino fluxes and cosmic ray air showers. Sections 4.3 to 4.7

contain lists of some of these experiments in the context of our hadron production

correction procedure.

A complete and model independent knowledge of all interactions in this regime

would mean having measurements of interactions of every particle with all incident

energy possible on different targets. Even though there are many datasets avail-

able, there are still a number of areas that lack the data coverage needed for a

specific conventional neutrino beam. Recent experiments dedicated to measuring

the production of hadrons from proton beams incident on thin (few percentage of
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interaction length) Be, C, Al targets. These experiments were optimized to measure

hadrons which make a large contribution to the neutrino flux in running experi-

ments like MiniBooNE, T2Km and MINOS. Other efforts involved to make direct

measurements on the same target (or in a replica) used to produce a neutrino beam.

The idea is to use all data available, incorporating their uncertainties and making

well-founded arguments to extrapolate to areas not covered by data.

The MiniBooNE experiment used data from the HARP experiment at CERN

to determine their flux. HARP measured the cross-sections of proton and pions

with momenta range from 1.5GeV/c to 15GeV/c interacting in different target

materials like beryllium, carbon, aluminum, etc. ([26], [27], [28], [29], and [30]) and

also measured the yields of particle production in a MiniBooNE replica target ([31])

with a good forward coverage.

The Booster beamline (see section 2.2.1) collides 8GeV protons into a 71.1 cm

long Be target ([32]), and, in conjunction with a one magnetic horn system, creates

an on-axis muon neutrino beam peaked at 500MeV - 600MeV. Figure 3.1 a) shows

the kinematic distribution of π+ at the target that contributes to the νµ flux at the

MiniBooNE detector. The figure was taken from MiniBooNE flux prediction paper

[33]. The black box represents the HARP coverage of π+ produced from proton -

Beryllium interactions at 8.9GeV [29] that was used to constrain the flux. Most of

the pions relevant to MiniBooNE are constraint by the HARP data. More details

about other datasets incorporated by MiniBooNE and their procedure can be found

in their flux paper mentioned before [33].

Another example is the T2K flux constraint using NA61 data. Their muon

neutrino beam is peaked at 0.6GeV and is produced by colliding protons at 30GeV

with a 91.4 cm long graphite target [34]. NA61 measured the cross-sections of pro-

tons interacting at 30GeV in carbon nuclei ([35] and [36]) and a T2K replica target

([37]). Figure 3.1 b) shows the π+ kinematic distribution at the target that con-
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tributes to the muon neutrino flux at the T2K far detector (Super-Kamiokande).

The area enclosed by the black lines corresponds to the NA61 π+ data coverage that

was used in the flux calculation ([34]) showing that most of pion production is able

to be constrained. A complete description of their procedure and all datasets used

can be found in their flux paper [34].

3.2 Using a multi-beam fitting

As was explained in section 2.3, changing the beamline configurations may

change the neutrino spectra. This allows us to relate, in each configuration in

the simulation, the neutrino yield in one energy bin and a kinematic region of

the hadrons produced in the target. Using the data measured in these different

configurations, we can attempt to find the hadron yields from the target that make

data and simulation agree for all configurations considered. This is an example of a

“in situ” procedure.

MINOS followed this strategy 1 using data from different beam configurations

at their Near Detector, adjusting parametrized yields of the hadrons that exit the

target [20]. The functional form used was similar to the BMPT parametrization

[38]. Their goal was to find the best extrapolation of the flux at the Near Detector

to the flux at the Far Detector [1] for their oscillation parameter search. In the

introductory chapter, we used figure 1.2 to highlight the importance of the flux

determination. That figure shows how the F/N ratio changes due to the beam fit

procedure.

The result of MINOS′s beam fit procedure is shown in figure 3.2. The beam

configurations have the same convention as we explained in section 2.3 where the

data and simulation before tuning and the simulation after the tuning are repre-

1In addition to the hadron production, MINOS also adjusted some beam focusing parameters.
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(a) π+ neutrino parents in MiniBooNE [33]. The black box en-
closed the data coverage of HARP data of π+ produced in proton
- beryllium interactions at 8 GeV ([29]).
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(b) π+ neutrino parents in T2K [34]. The area enclosed by black lines
corresponds to the data coverage of NA61 π+ produced in proton - carbon
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FIG. 3.1: Examples of hadron production experiments for neutrino flux (HARP and
NA61).
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sented by dots, a gray line and a black line respectively. The effects on the event

rates MINOS Near Detector can be seen in the ratios.
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FIG. 3.2: Results of the multi-beam fitting procedure followed by MINOS to correct the
NuMI flux in different configurations [39].
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3.3 Low-nu method

The differential cross-section of the neutrino-nucleon charged current scattering

respect to the recoil energy (ν) can be expressed as a combination of integrals over

structure functions (A, B and C) and the ratio ν/Eν , where Eν is the neutrino

energy, as shown in equation 3.1:

dσ

dν
= A

(
1 +

B

A

ν

E
− C

A

ν2

E2

)
(3.1)

The cross-section becomes indepedent of the neutrino energy as the ratio be-

tween the recoil energy and the neutrino energy goes to zero (ν/Eν → 0) (see [40]

for more details). The energy spectrum of events with small ν/Eν will approximate

the energy dependence of the flux (the flux shape). An additional normalization

to external is required (for instance, a cross-section measurements), the flux can be

determined.

The method was developed by the CCFR/NuTeV collaboration to determine

the neutrino flux at energies greater than 30GeV and it used this flux to calculate

the neutrino cross-sections [41]. on iron. Some efforts have been made to extend the

procedure to lower energies by MINOS and MINERvA. MINOS used this procedure

to calculate the muon neutrino and antineutrino inclusive cross-section on iron ([42]

and [39]).

Recently, MINERvA also estimated the flux in the LE010z185i configuration

using the low-nu method [43]. There are two challenges associated with the estimate

and the procedure used to make it:

• To find a correction for a finite ν values. MINERvA uses GENIE to compute

corrections and the uncertainty on them.

• To accurately reconstruct the hadronic recoil energy.
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The low-nu MINERvA results are used in this thesis and additional details are

shown in section 6.

3.4 Neutrino - electron scattering constraint

Another in situ procedure uses elastic neutrino scattering on electrons as a

standard candle. Standard electroweak theory predicts this cross-section precisely

since ony leptons are involved in the νe → νe process, as shown in figure 3.3.

FIG. 3.3: neutrino - electron scattering Feynman diagram.

The νe → νe scattering process produces a single forward electron and a neu-

trino. The electron can be easily identified with a high detector resolution like

MINERvA. However, the cross-section is approximately 2000 times smaller than

comparised with the neutrino - nucleon cross-section and is thus statistically lim-

ited. The neutrino produced escapes the detector and it is not possible to reconstruct

the incident neutrino′ energy. However, it serves as a flux normalization since the

number of interactions can be counted and we can then the number of neutrinos

that passed through the detector.

Recently, MINERvA studied these events [44] and this is applied as an addi-

tional constraint for the flux determined in this thesis. More details are provided in
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section 6.

3.5 Minerva strategy

MINERvA has adopted a multi-layer approach to predict the NuMI flux that

involves all the procedure described before: the use of external hadron production

data (section 3.1), the low-nu method (section 3.3), the neutrino-electron constraint

(section 3.4) and a multi-beam fitting of the hadron production(section 3.2).

The MINERvA flux prediction has been constantly updated throughout, mo-

tivated by several factors like the incorporation of new hadron production data, a

better understanding of the the effect of flux systematics, and a geometrical im-

provements in the NuMI simulation. The first two flux versions, called Generation

0 and Generation 1, have been used as the standard flux in the current MINERvA

publications (see later table 5.1). The most updated flux version - Generation 2 -

will be used in all upcoming MINERvA papers and it is the basis of the final re-

sults in this thesis. The details about every generation will be provided in the next

chapters.

The MINERvA strategy is the following:

• The foundation is formed from constraining hadron production with external

measurements on thick and thin targets (see chapter 4). The use of independent

data gives us the chance to have different predictions.

• Beam optics uncertainties are incorporated by propagating errors in the align-

ment of beamline elements and the horn′s geometry and magnetic field (see sec-

tion 2.5). The flux determined by hadron production constraints plus the focusing

uncertainties is called a priori flux.

• In-situ measurements are then incorporated atop the foundation. These consist
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of:

- The rate of charged current muon neutrino and antineutrino scattering events

with low energy transfer to the target for which the flux shape is known (see

section 3.4). It is used to study the consistency of our flux predictions.

- Neutrino-electron scattering events for which the cross-section is known (see

section 3.4). It is used to reduce the flux uncertainty.

• The Multi-beam fitting technique had been followed early on before MIPP NuMI

data was published and it is not used in this thesis. However, it served to check

sources of MINERvA reconstruction issues.

One criteria used to design the MINERvA strategy has been the desire to

develop flux calculating tools that can be shared with other NuMI experiments.

That is the reason for PPFX (see section 4.8).

The next chapter explains the hadron production correction procedure we fol-

lowed and the incorporation of the datasets we used in the context of Generation 2

flux version 2 (see section 4.3 to 4.7).

The details of Generation 0 and Generation 1 are postponed to chapter 5 when

a historical review is made and the a priori LE flux results of every generation is

presented. Chapter 6 is dedicated to the incorporation of in situ measurements and

tp compare Generation 0-1 to Generation 2 in the way to update the MINERvA

results already published. In chapter 7, we will extend our procedure to ME flux

and other detectors.

2Explaining the dataset incorporation in the context of Generation 2 seems more convenient
since it is the base of this final thesis results
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CHAPTER 4

Correcting the simulation using

hadron production data

The non-perturbative QCD nature of the hadronic interactions in any conven-

tional neutrino beam requires the use of phenomenological models in the simulation.

In principle, if we have enough experimental data to constrain the model, the flux

can be determined and its uncertainty can be well understood. As was explained

in the introductory chapter, knowing the flux is important in neutrino oscillation

studies and it is crucial for neutrino cross-section measurements. How can the NuMI

beam flux simulation be constrained using hadron production data? This chapter

addresses this question by developing the MINERvA strategy introduced in section

3.5.

This chapter is structured in three main parts. The first one establishes some

common definitions (section 4.1) and explains in detail the procedure we followed

to correct the hadron production (section 4.2). In the second part we survey all

existing relevant data for NuMI and describe their implementation in the context of

Generation 2 flux version (sections 4.3 to 4.7). The last part is dedicated to intro-
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ducing the tool we developed to handle the data into a computational framework:

PPFX (section 4.8).

4.1 Definitions

Before explaining our procedure, it is worthwhile to check some basic definitions

that we use in this chapter and throughout the rest of the thesis.

4.1.1 Total cross-section

In hadron - hadron interactions (h+h), the total hadronic cross-section (σtotal)

can be divided in two components, one elastic (σelastic) and the other one, inelastic

(σinelastic):

• Elastic component (h + A → h + A): the nucleus remains intact after the

interaction. This implies that neither mesons nor nucleons are ejected from the

nucleus.

• Inelastic component (h+A → + mesons+ fragments of nucleus): the nucleus

is broken and new particles are created, like mesons.

However, when we consider hadron - nucleus interactions (h+A) another com-

ponent arises: “quasi-elastic”:

• Quasi-elastic component (h+A → + p + fragments of nucleus): the nucleus

is broken but no new particles (mesons) are created. It is characterized by a fast

nucleon in the final state (typically, xF > 0.95) and one or more slow nucleus

fragments.

In the context of h + A interactions, we define the absorption cross-section

(σabsorption) as the sum of the quasi-elastic and inelastic components. Then, the total
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hadronic cross-section is:

σtotal = σelastic + σinelastic + σquasi−elastic 
σabsorption

(4.1)

4.1.2 Differential cross-section

The Lorentz invariant differential cross-section is defined as:

f = Es
d3σ

dp3
. (4.2)

where Es and p are the energy and momentum of the particle produced in the

interaction.

The approximate scaling variable “Feynman-x” ([45] and [46]) is defined as:

xF ≡
p∗∥

P ∗
∥ (max)

≃
2p∗∥√
s

(4.3)

where (∗) indicates that the variable is calculated in the center of momentum system,

p∗∥ is the longitudinal momentum of the produced particle and P ∗
∥ (max) ≃ √

s/2 is

the maximum momentum allowed (
√
s is the energy of the center of mass). Feynman

speculated that the cross-sections of inclusive high energy hadronic collisions an

energy independent scaling behavior when expressed in terms of xF .

4.2 Procedure

This section is dedicated to explaining in detail the procedure we followed to

make the hadron production correction.

Each interaction in the neutrino′s ancestry chain is corrected with a weighting

factor computed from yields or invariant differential cross-sections:
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ci =
Ndata

i

NMC
i

(4.4)

The factor fi depends on the identities of the projectile, target, and produced

hadron as well as the initial and final state kinematics. Here “i” denotes the ini-

tial and final state information, and it is generally a particular bin in a hadron

production dataset. In that case we have an uncertainty σi and a covariance with

other bins j, Vij. Even in the case that the interaction in question is not covered

by a hadron production dataset, we still assign ci, σi, and Vij factors using our best

judgment. NMC
i is either taken directly from the MC or computed by simulating

the interactions in question to produce a yields table or an invariant cross-section.

We refer to each fi as the “central value” estimate for the interaction. In section

4.2.5 we will describe the way in which the Vij are used to vary the weighting factors

to propagate uncertainties.

In addition to the weights applied to each interaction we also account for at-

tenuation of particles in the beamline, inserting correction factors which depend on

the absorption cross-section in data and MC.

4.2.1 Attenuation Corrections

When a beam particle passes through a volume, the interaction rate depends

on the cross-section and the amount of material traversed. The probability P (r) of

a particle not interacting while crossing a distance r is given by:

P (r) = e−rNAρσ (4.5)

Where NA is the Avogadro number, ρ is the nuclei volume density and σ is the

absorption cross section per nucleus.
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FIG. 4.1: Particle beam traversing a volume. Left side: particle leaving a volume without
interacting. Right side: particle interacting in volume.

If an interaction does not happens (see figure 4.1, left side), this correction is

applied to the probability that the particle survived:

c(r) = e−r
NAρ(σdata−σMC )

A (4.6)

The material traversed rNAρ is independent of the specific material and it can

be expressed as mol/cm2. The correction is shown in the figure 4.2 considering a

cross-section disagreement up to ±20mb and up to 10mol/cm2 of material.
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FIG. 4.2: The survival correction.

There is no correction to apply when the agreement between data and MC is

perfect (the factor in this case is 1). When the material traversed is very small the
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factor is also close to 1, for example, when the particle is created on the edge of a

volume. If the MC overestimates the cross-section, less particle beam survives in the

simulation and the correction goes up and increases for higher material traversed.

Conversely, if the MC underestimates the cross-section, more particle beam survived

in the simulation and the correction goes down and even decreases for higher material

traversed.

If an interaction happens in a volume (see figure 4.1, right side), the correction

is applied to the probability that the particle survived up to the interaction point:

c(r) =
σdata

σMC
e−r

NAρ(σdata−σMC )

A (4.7)

Now, the attenuation correction also depends on the data over MC cross-

sections ratio. The figures 4.3 and 4.4 show this correction for two fixed MC cross-

section values: σ = 193.6mb (this corresponds to π on C at 7GeV) and σ = 368mb

(π on Al at 7GeV) respectively. As before, in a perfect data-MC cross-section

agreement the correction would be 1. Interactions are more (less) likely to occur in

the simulation if the MC overestimates (underestimates) the cross-section and this

effect competes with the survival part of the function creating the patterns we see

in the figures.

4.2.2 Particle Production

Thin target experiments tend to release their data as invariant double differen-

tial cross-sections f in terms of Feynman-x xF , transverse momentum pT . As was

mentioned in section 4.1.2 Feynman-x is an approximate scaling variable and it lets

us to extrapolate a cross-section taken at one energy to another one in inelastic col-

lisions. When scaling data like NA49 that was taken at 158GeV (see section 4.5.1)

we use FLUKA ([47], [48]) to remove the residual energy dependence and scale to
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FIG. 4.3: Attenuation correction when an interaction happened for σMC = 193.6mb
(this corresponds to π on C at 7GeV).
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FIG. 4.4: Attenuation correction when an interaction happened for σ = 368mb (this
corresponds to π on Al at 7GeV).
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12-120 GeV ([49]) that is the range relevant for NuMI. This “energy scaling” correc-

tion is shown in figure 4.5 for four xF ranges for positive pions generated in proton

on carbon collisions. For typical pT values (∼ 300MeV/c) the correction at 120GeV

is very small (less than 1%) but it can be up 10% when the energy of the incident

proton goes down to 12GeV.

FIG. 4.5: FLUKA energy scaling correction for invariant cross-section data taken at
158GeV to lower energy down to 31GeV. This is split in four xF ranges.

The formula to be applied becomes:

c(xF , pT , E) =
fData(xF , pT , 158GeV )× scale(xF , pT , E)

fMC(xF , pT , E)
(4.8)

The energy scaling correction has been calculated for the following incident

energies: {12, 20, 31, 40, 60, 80, 100, 110, 120} GeV and the MC cross sections

fMC for {12, 20, 31, 40, 50, 60, 70, 80, 90, 100, 110, 120} GeV. A simple linear
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interpolation is applied for intermediate incident energies. In figure 4.6 the blue line

represents NA49 data integrated in pT and expressed in terms of the angle of the

pion produced as in NA61. The green line shows the effect of applying the energy

scaling factors and shows that it is in good agreement with NA61 (purple line),

especially around the focusing peak as it is shown in a zoom version at the right

plots.

This prescription was checked by scaling NA49 pion production data at 158GeV

to NA61 data taken at 31GeV. The difference between the two was very small.

The effect on the the neutrino flux was calculated to be no more than 1% (see [50]).

The figures in 4.7 show the fractional difference between NA49 and NA61, where

∆f(xF , pT ) is the discrepancy between the value of scaled NA49 value at 31 GeV

and the corresponding NA61 value.

When an interaction happens in a volume where we are applying an attenua-

tion correction, we have to modify equation 4.8 to cancel the inelastic cross-section

contribution in the formula 4.3 to avoid a double correction:

c(xF , pT , E) =
fData(xF , pT , 158GeV )× scale(xF , pT , E)

fMC(xF , pT , E)
× σMC(E)

σdata(E)
(4.9)

On the other side, thick target experiments release their data as yields of particle

production when they leave the target 1. The correction in this case is given by the

ratio of the data over MC yields:

correction(pZ , pT ) =
nData(pZ , pT )

nMC(pZ , pT )
(4.10)

1Longitudinal dependence of the yields is sometimes provided like in [37].
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FIG. 4.6: Effect of the energy scaling for π+ produced on proton - carbon collisions. The
corresponding xF and pT are indicated in the left side plot and the right plot is a zoomed
version.
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energy scaling (taken from [50]).
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Details of the target attenuation correction when using thick target data

Applying both the thick target correction and the target attenuation correction

gives a longitudinal target dependence to the hadron production correction. This is

important since the hadrons that exit the target are focused differently depending

on how they enter the horns. However, the challenge, as in the case of thin target

correction, is to avoid double counting. The solution is not simple because there are

many particles interacting or surviving in the target.

As we are going to see in section 4.7, among all particles passing through the

target, only proton attenuation correction has the central value different than 1

and particularly, the primary proton beam has the most significant contribution

in comparison to any secondary proton produced in the target. Pions and other

particles do not change the central value.

Having this in mind, we assume that when a hadron that leaves the target is

able to be corrected with thick target data, it is a good approximation to apply an

attenuation correction to just the primary beam and consider that all other particle

attenuation corrections are embedded in the thick target measurements.

Another simplification is that we consider only the longitudinal material tra-

versed to calculate the attenuation correction since the primary proton momentum

is high and almost parallel to the beamline, and the target length is also parallel to

the beamline longitudinal axis.

However, two modification are needed to make this possible. The first one is to

calculate n(pZ , pT ) per interaction instead of per proton incident on the target by

using a factor y, that is the fraction of the primary proton beam that interacts in

the target. In this way, the beam that passes through the target without interacting

can be treated independently. Equation 4.10 becomes:
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c(pZ , pT ) =
nData(pZ , pT )/yData

nMC(pZ , pT )/yMC

(4.11)

The second modification preserves the thick target data yield we are applying. The

MC yield for a (pZ , pT ) bin can be expressed in terms of the longitudinal distribution

g(z) of the primary proton interaction positions in the target as:

nMC =

∫ zmax

0

f(z)dz (4.12)

where zmax is the maximum longitudinal distance traveled by the proton in the

target before interacting. After applying the attenuation correction catt, the nMC

becomes:

n′
MC =

∫ zmax

0

g(z)catt(z)dz (4.13)

And then,

nMC = n′
MC × nMC

n′
MC

(4.14)

=

∫ zmax

0

g(z)[catt(z)×
nMC

n′
MC

]dz (4.15)

The factor nMC/n
′
MC is calculated per bin and the final form of the equation

4.7 is:

c(r) =
σdata

σMC
e−r

NAρ(σdata−σMC )

A × nMC

n′
MC

(4.16)

4.2.3 Extending data coverage

Based on theoretical guidance, some extension of data is possible to different

materials and different incident and produced particles.
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The first extension is “material scaling” and we are looking here for an un-

certainty associated with using hadron production data taken on carbon in other

materials. As was exhibited by Barton et al. [51], the invariant cross-section can be

parametrized as:

f(A, xF , pT ) = σ0A
α(xF ,pT ) (4.17)

where A is the mass number of the target nuclei different than hydrogen2. The

parametrization is independent of the energy of the incident particle as the approxi-

mate scaling xF hypothesis suggests. Using this approach, the relation between the

cross-sections of two materials can be express as:

f(A1, xF , pT )

f(A2, xF , pT )
=

(
A1

A2

)α(xF ,pT )

(4.18)

MINERvA has followed the parametrization of α proposed by [51] and extended

by [38]:

α(xF , pT ) = (a.x2
F + b.xF + c).(d.p2T + e.pT + 1) (4.19)

α(xF , pT ) is found by doing an independent fit of the Skubic data [52] of in-

variant cross-sections of K0, Λ0 and Λ̄0 produced from proton interacting in various

nuclei at 300 GeV. Figure 4.8 shows an example of the α(xF , pT ) fit for neutral kaon

production in proton interactions at xF = 105GeV/c and angle = 0.9 mrad. The

same fit is made with all Skubic data, having 318 α values in total.

The results are checked against π± and K± production in proton interactions to

find the additional uncertainty to cover materials different than carbon with proton

carbon data (more details an be found in [53]).

2The data fit using the equation 4.17 in [51] excludes hydrogen.

78



A
0 20 40 60 80 100 120 140 160 180 200 220

]2
 [m

b/
(G

eV
/c

)
3

 / 
dp

σ3
E

d

1

2

3

4

5

6

7

8

9

10

 K0 + X, out momentum = 105 [GeV/c], angle = 0.9→P + A 

Skubic data
α A0σ

 0.0378± = 0.43 0σ

 0.0216± = 0.569 α

 K0 + X, out momentum = 105 [GeV/c], angle = 0.9→P + A 

FIG. 4.8: Skubic data α(xF , pT ) fit for neutral kaon production in proton interactions
at xF = 105GeV/c and angle = 0.9 mrad. The same fit is made with all Skubic data.
This is shown as example (taken from [53]).

The additional uncertainties to extend data taken in carbon to other materials

(pT units are GeV/c) are in table 4.1.

Another extension comes from the isoscalar nature of 12C (The main material

of the NuMI target). The isospin symmetry of deuterons establishes that σ(pd →

π+nd) = σ(nd → π−pd) and then we can infer that:

σ(pC → π±X) = σ(nC → π∓X) (4.20)

This symmetry is used to determine the correction for hadron production in neu-

tron carbon interactions and assume that the same correction is necessary for other

materials than carbon. No additional uncertainty is added when using this exten-

sion. Since there is a small number of neutron interactions in the typical neutrino

ancestry chain, and because we could not find any relevant data to test equation

4.20.
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(a) π+.
❍❍❍❍❍❍
xF

pT
[0, 0.5] [0.5, 1] [1, 1.5]

[0, 0.25] 10 7.5 2.5
[0.25, 0.5] 10 12.5 10
[0.5, 0.75] 7.5 10 2.5

(b) π−.
❍❍❍❍❍❍
xF

pT
[0, 0.5] [0.5, 1] [1, 1.5]

[0, 0.25] 12.5 7.5 2.5
[0.25, 0.5] 10 7.5 15
[0.5, 0.75] 15 10 20

(c) K+.
❍❍❍❍❍❍
xF

pT
[0, 0.5] [0.5, 1] [1, 1.5]

[0, 0.25] 10 7.5 2.5
[0.25, 0.5] 10 12.5 10
[0.5, 0.75] 7.5 10 2.5

(d) K−.
❍❍❍❍❍❍
xF

pT
[0, 0.5] [0.5, 1] [1, 1.5]

[0, 0.25] 12.5 7.5 2.5
[0.25, 0.5] 10 7.5 15
[0.5, 0.75] 15 10 20

TABLE 4.1: Additional uncertainties (%) when extending data taken in carbon to other
materials(pT units are GeV/c).

The neutral kaons can be determined from charged kaons assuming isospin

symmetry in a quark parton model [38]. If the number of valence quarks u is the

double of d and qs = q̄s for q = {u, d, s}, then:

N(K0
L(S)) =

N(K+) + 3N(K−)

4
(4.21)

In this way a correction for neutral kaons for any material can be calculated

whenK± data is available and we also extend also this procedure to thin target data.

Since the kaon data is dominated by statistical errors, no uncertainty is added from

these assumptions.

4.2.4 Procedure when there is no data

We have two options in assigning an uncertainty to the hadron production when

there is not clear theoretical guidance to extend the data coverage.

1. First we can examine the spread between different hadronic models. This was the

original approach in MINERvA (see sections 5.1 and 5.2) to handle interactions
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not covered by NA49. The differences between models could depend on the type

of interactions. Then, to avoid underestimating the true flux differences predicted

by each model, we categorized interactions not covered by NA49 and looked at the

maximum difference between geant4 hadronic models for the following categories

each individual interaction that is relevant for the total neutrino flux and assumes

this as the uncertainty. A complete list of categories and more details can be

found in [54]. Examples of these categories are:

• π+ neutrino parents that were born in the target whose ancestry includes a

proton reinteractions in the target.

• K+ neutrino parents that were born inside the magnetic horns.

Figure 4.9 shows the predicted fluxes due to π+ neutrino parents born in the

target whose ancestry involves a previous pion interaction from 5 geant4 hadronic

models. The spread in this case is ∼ 40% around the average value in the focusing

peak.

Neutrino Energy (GeV)
0 2 4 6 8 10 12 14 16 18 20

/0
.5

 G
eV

/5
x1

0^
7 

PO
T

2
 fl

ux
/m

µν

0

200

400

600

800

1000
QGSP
FTFP_BERT
QGSC_BERT
QGSP_BERT
FTF_BIC

FIG. 4.9: Example of geant4 model spread: neutrino flux from π+ parents born in the
target with a pion ancestry.

The problem with this procedure is that it is hard to determine any internal
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correlation between models and we end up with the risk of underestimating the

final flux error.

2. Second we apply a best guess uncertainty guided by the agreement with other

datasets. Our idea is that we are not totally blinded for interactions that there

is not data. The MC hadronic model we used (FTFP BERT) is a micro-physical

model that applied QCD (in general, particle physics) first principles to all com-

ponents in the interactions. Then we expect that the agreement (or disagreement)

between data and MC for interactions that have data should be roughly the same

as interactions not covered by data.

We notice three characteristics of the corrections when we look at the data:

• the corrections between different produced particles are not correlated.

• most of the correction values are in 0.6-1.4.

• the corrections depend on xF in a first order approximation, i.e., not pT

dependence, since the neutrino energy is proportional to xF .

Considering this, for the interactions where we do not find any data or extension

to apply, we categorized those interactions in 4 xF regions (0-0.25, 0.25-0.5, 0.5-

0.75 and 0.75-1.0) per any combination of projectile and produced particle and

assign 40% uncertainty and treat them uncorrelated each other. This procedure

will be applied in section 4.6.1. Some examples of these categories are:

• π+A → π−X with xF in 0.25-0.5 .

• π+A → π−X with xF in 0.5-0.75 .

• pA → pX with xF in 0.75-1.0 .
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4.2.5 Uncertainty propagation

We use the so called “multi-universe” technique to propagate uncertainties

([55]). This technique is the creation of a statistical ensemble of individual ran-

domly generated universes, where each “universe” selects a value (deviate) for each

uncertain parameter. The parameters for the neutrino flux determination are the

hadron production cross sections, yields, etc. The deviates are drawn from a multi-

variable normal distribution centered on the parameter′s central values:

N(x⃗|µ⃗V) =
1

(2π)M/2det(V )1/2
exp(−1

2
(x⃗− µ⃗).V−1.(x⃗− µ⃗)) (4.22)

where V is the covariance matrix of all M parameters, µ⃗ is the vector of the

central values and x⃗ is the vector of deviates. V is decomposed by the Cholesky

factorization in a lower triangle L and an upper triangle matrices:

V = L.LT (4.23)

Then, the vector of deviates x is given by 3:

x⃗ = µ⃗+ R⃗L (4.24)

where R⃗ is vector of random Gaussian distribution values with mean zero and

unit variance. Every universe predicts a flux spectrum and the resulting spread from

the statistical variations is used to evaluate the final flux systematic uncertainty .

Figure 4.10 shows an application of the multi-universe technique for the flux

using 50 universes applying just the MIPP NuMI pion production weights and as-

suming +75% bin-to-bin correlation for the systematic errors (more on this in section

4.4.1).

3The proof of this procedure can be found in the Section 7.4 of ([56])
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FIG. 4.10: Example of hadron production uncertainty propagation using the multi-
universe technique.

The final correction for a particular universe to the neutrino flux is applied as

the product of all corrections given to the neutrino ancestry information.

4.3 Data available

We developed our procedure for correcting the simulated flux in the previous

section. We now look into the hadronic cascade in NuMI (section 2.4), to make a

survey and find all relevant data that can be used in the NuMI beamline.

Thick target data

These are experiments that collide monochromatic protons on a thick target

and measure the yields of hadrons leaving the target. This the first place to look

since they are designed to help the flux determination efforts by using a similar

primary beam and the same or replica target of the neutrino beamlines. In our

84



survey, we found two datasets:

• MIPP: proton on a spare NuMI target at 120GeV:

– π± for pZ up to 80GeV/c ([57]).

– K/π for pZ > 20GeV/c ([58]).

• NA61: π± production from proton collisions on a replica T2K target at 31GeV

([37]) 4.

Thin Target Data

These are experiments that use monochromatic beams on targets of a few per-

centage interaction lengths. They measure:

• The inelastic and absorption cross section. Some of the datasets found are:

– Belletini et. al. ([59]), Denisov et al. ([60]), etc. : proton, pions and kaons

on carbon, aluminum, etc. in a wide energy range.

– NA49 ([61]): proton on carbon at 158GeV.

– NA61 ([35]): proton on carbon at 31GeV.

• Hadron Production. Some of the datasets found are:

– Barton et. al ([51]): pC → π±X at 100GeV for xF > 0.3.

– NA49 ([61]): pC → π±X at 158GeV for xF < 0.5.

– NA49 ([62]): pC → n(p)X at 158GeV for xF < 0.95.

– NA49 ([63]): pC → K±X at 158GeV for xF < 0.2.

– NA61 ([35]): pC → π±X at 31GeV.

4This data is not used in this thesis but it can be used as a cross check in the future
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– MIPP ([64]): π/K from pC at 120GeV for 20GeV/c.

In the next four sections, we explain some details of the experiments and their

use in the hadron production correction for the NuMI flux determination, focused

on those parts that are relevant to understand their results and uncertainties, as well

as the assumptions of our implementation in the computational framework (section

4.8). Thin target data is split in three sections, one dedicated to the hadron pro-

duction data (section 4.5), the second one dedicated to the data extension (section

4.6) and the other one dedicated to the absorption and inelastic cross-section data

(section 4.7).

4.4 The thick target datasets

The thick target data we used come from the experiment MIPP (Main Injector

Particle Production) that is dedicated to studying cross-sections and yields of

hadron production using thin and thick targets with multiple particle beams at

Fermilab. One of its goals was to measure yields of hadrons that exit the NuMI

target with low uncertainties in order to help determine the NuMI flux for Fermilab

neutrino experiments. 1.43million events were collected colliding 120GeV protons

from the Main Injector beam on a spare NuMI target. A schematic view of MIPP

detector can be seen in figure 4.11 (more details can be found in [57] and [58]).

The basic setup consists of several sub-detectors, each one of which provides

particle identification (PID) for a specific momenta range of the particles when they

leave the target:

• a Time Projection Chamber (TPC) covering 0.2-1.2 GeV/c.

• a Time of Flight (ToF) covering 0.5-2.5 GeV/c.

• a segmented gas Cherenkov detector (Ckov) covering 2-20 GeV/c.
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FIG. 4.11: Schematic view of MIPP detector [57].

• a gas ring imaging Cherenkov (RICH) covering 4-80 GeV/c.

For the NuMI target run analysis, the particle identification relies on the highly

segmented TPC and RICH detectors that give good momentum coverage. The ToF

was used to estimate backgrounds in the TPC. The Ckov was not used in this

analysis5. The low momentum (pZ < 2GeV/c) PID is handled by the TPC while

high momentum PID (pZ > 20GeV/c) is handled by the RICH.

To highlight the importance of these data, we quantify the interactions covered

by using thick target measurements. Figures 4.12 and 4.13 show the average number

of inelastic interactions per π+ and per K+ per MIPP bin, starting from the primary

proton beam interaction and counting up all inelastic interactions up to the creation

of the hadron that exits the target. They are separated into three momentum ranges

of the particles exited the target: 0-2 GeV/c, 2-20 GeV/c and 20-80 GeV/c. The

5It is complicated for ToF and Ckov to distinguish between particles when there is high multi-
plicity events.
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hashed bins represent regions where there are no data due to detector acceptance.

For K+, only the high momentum is relevant due to the data coverage (see section

2.4). The minimum possible value is 1 since meson production requires having the

generation of new particles from proton-nucleus collisions. Numbers larger than 1

indicate reinteractions in the target. Many of these are incident pions and kaons

that we have no thin target data to use in a correction (see next section).

There are more than 2 interactions on average for very low momentum pions

(< 1GeV/c) and these values decrease monotonically for higher momentum particles

approaching 1.2 in the upper limit of MIPP coverage. Figure 4.12 shows that a

significant number of interactions are not covered while the high energy pions in

figure 4.13 are well covered.

4.4.1 Thick target pion production

MIPP NuMI results of π+ and π− yields ([57]) are presented in 124 and 119

bins respectively for pZ in 0.3-80 GeV/c and pT in 0-2 GeV/c per proton on target

(POT). Figure 4.19 shows data published for π+ (left side) and π− (right side).

Different markers represents different pT ranges. Each pT range has been multiplied

by a factor to accommodate all the data points in a single plot.

Figures in 4.15 show a combination of the statistical and the background sys-

tematic uncertainties for π+ and π−. Most of the values are small and typically in

2-5% except for the edges of the sub-detectors, where the errors become bigger. In

our approach, we treat these uncertainties just as statistical, considering them to

be uncorrelated between bins.

The additional MIPP systematic uncertainties are:

• Momentum scale when a correction is applied to the reconstructed momenta

to account for energy loss, scattering and any reconstruction algorithm bias. The
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FIG. 4.14: MIPP charged pion production measured at NuMI (taken from [57]). The left
side for π+ and the right side for π−. Different markers represents different pT range.
Every yield has been multiplied by a factor to accommodate them in single plots.

uncertainty is 1% in most of the bins.

• Bin migration due to the momentum resolution and reconstruction failures

(4%) and mismodeling of the noise (1%).

• Detector Modeling in the MC (2%).

• Pileup due to an improper modeling of overlapping tracks, specially for high

multiplicity events. This is the dominant uncertainty, typically a few percent but

it can be up to 10% for some bins.

The figures in 4.16 show these additional systematics errors added in quadrature

for π+ and π−. Nearly all bins are in 4-5% but large bin to bin correlations within

each sub-detector are expected.

The effects of using four different positive bin to bin correlation assumptions of

their systematic errors are shown in figure 4.17. The fractional errors on the flux
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FIG. 4.15: MIPP NuMI charged pion statistical uncertainties. Numbers in every bins
indicate the exact uncertainty value. The hashed bins represent regions where there are
no data.
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FIG. 4.16: MIPP NuMI charged pion systematic uncertainties. Numbers in every bins
indicate the exact uncertainty value. The hashed bins represent regions where there are
no data.

93



correspond to the part of the νµ flux that is affected by MIPP (i.e., the neutrinos

that have one pion correctable by MIPP). As we expect, when we increase the

correlation, the fractional error increases accordingly. For example, the values go

from ∼ 2% for no correlation scenario to ∼ 5% for a totally correlated case around

8GeV neutrino energy.
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FIG. 4.17: Effect of the bin-to-bin correlation of the systematic uncertainties. The
fractional error comes from systematic uncertainties applied to the νµ flux affected by
MIPP assuming 4 possible correlations: none, +50%, +75% and +99%.

Technical details of the implementation

We MIPP NuMI charged pion correction uses the equation 4.11. The imple-

mentation is as follows :

1. As was mentioned above, we treat the statistical + background systematic un-

certainties as just statistical. In that way, they enter as uncorrelated to the

additional systematics presented.
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2. A positive 75% correlation is used between bins for the systematic uncertainties

within TPC and RICH. Bins from different sub-detectors are uncorrelated.

3. We have not made any data interpolation and the correction is applied directly

when the kinematics of a pion falls into the bin edges.

4. To calculate the factor yData in equation 4.11, we look at the percentage of pri-

mary protons that pass through and leave the target without interacting in MIPP

NuMI is 13.5± 2− 3%. This is based on the number of reconstructed tracks per

proton incident on the target and assumes that one track events are just primary

protons 6. This uncertainty comes from the reconstruction efficiency. We use 3%

uncertainty for the uncertainty on this value.

5. In the MC, we found that 13.28% of primary protons leave the target without

interacting or after a quasi-elastic interaction and then we use this value to cal-

culate yMC .

Figures in 4.18 show the MIPP charged pion weights using the formula 4.11.

The Z-axes are restricted to [0.5, 2.0] since all weights are inside this range. For

low momentum, the MC underestimates most of π+ yields for TPC bins. For

RICH, there are two clear regions, one of them where MC overestimates the yields

(10GeV/c < pZ < 30GeV/c and pT < 0.4GeV/c) up to 25%, and another one

where the π+ are overestimated for ∼50%.

For π− weights, the TPC bins have similar patterns as π+, however, for RICH,

they are dissimilar. Apart for 20GeV/c < pZ < 50GeV/c and pT < 0.4GeV/c

where the MC overestimates π−, the rest of the bins have small corrections. These

will cause different effects in the νµ than ν̄µ fluxes.

6These values were establish after an email exchange with J. Paley (main author of [57]).
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FIG. 4.18: MIPP NuMI charged pions weights.
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4.4.2 Thick target kaon production

We extract kaon production by combining pion yields from [57] and the K/π

ratios reported in [58] for longitudinal momentum (pZ > 20GeV/c). For the ratio

analysis, only the RICH was used and the results are presented in 24 bins.

FIG. 4.19: MIPP π−/π+, K−/K+, K+/π+ and K−/π− ratios taken from [58]. The
momentum bin convention (X,Y) is such that X represent the longitudinal momentum
and Y the transverse momentum. X(GeV/c) = 0 (20-24), 1 (24-31), 2 (31-42), 3 (42-60),
4 (60-90). Y(GeV/c) = 0 (<0.2), 1 (0.2-0.4), 2 (0.4-0.6), 3 (0.6-1.0), 4 (>1.0).

Figure 4.20 shows the statistical errors of K+/π+ and K−/π− and as can be

noted, the values are high, especially in the latter case.

The systematic uncertainties on π/K were evaluated independently from the

pion yield analysis presented above and we do not have enough information to cancel
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FIG. 4.20: MIPP NuMI statistical uncertainties for K/π. Numbers in every bins indicate
the exact uncertainty value. The hashed bins represent regions where there are no data.
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any correlation between them. The main sources on the systematic uncertainties on

the ratio are:

• Beam: estimating the effect of small changes of the proton beam profile on the

ratio (<4%).

• Momentum: accounting for the differences between the measured momentum

in data with respect to MC. The effect on the ratio is ± 5% for most of the bins.

• Background subtraction, typically less than 20%.

Figures in 4.21 show the systematic errors added in quadrature for K+/π+ and

K−/π−. The values are big in comparison to pions, especially for high longitudinal

momentum.

Technical details of the implementation

The implementation of the MIPP NuMI kaon correction is as follows:

1. The K/π statistical and systematic uncertainties are considered as uncorrelated.

No bin to bin correlation assumption is made for the systematic uncertainties on

the ratio.

2. No interpolation is applied to the data.

3. The K± yields are determined by multiplying the π± yields and K±/π± ratios

in each universe.

4. K0
S(L) correction is calculated by using the equation 4.21.

Figures in 4.22 and 4.23 show the MIPP charged and neutral kaon weights

using formula 4.11 after the kaon yield determination. The Z-axes are restricted

to [0.5, 3.0] but K+ weights can be higher for pZ > 56GeV/c. Except for pZ <
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FIG. 4.21: MIPP NuMI statistical systematic for K/π. Numbers in every bins indicate
the exact uncertainty value. The hashed bins represent regions where there are no data.
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40GeV/c and pT < 0.4GeV/c the MC underestimates the K+ yields. K− and

neutral weights have, in general, smaller values than K+.
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FIG. 4.22: MIPP NuMI charged kaons weights.
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FIG. 4.23: MIPP NuMI neutral kaons weights.
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4.5 The thin target hadron production datasets

The thin target hadron production datasets we used come essentially from

NA49. Barton and MIPP are used in conjunction with NA49 to extend its data

coverage.

4.5.1 NA49

The NA49 experiment′s goal is to make a comprehensive study of soft hadronic

interactions using different beams and thin targets. Their relevant results for NuMI

are the measurements of hadron production in proton-carbon interactions at 158GeV/c

beam momentum. 377,000 inelastic events in the H2 beam line at CERN SPS ac-

celerator complex were recorded from a beam composed by 65% protons, 30% pions

and 5% kaons. Charged pions and protons invariant differential cross section as well

as neutron yields were published in a wide xF coverage([61] and [62]). There is also

low xF charged kaon data from a MINOS thesis [63].

A schematic view of the NA49 detector can be seen in figure 4.24 (more details

can be found in [65]):

The basic setup consists of four large Time Projection Chambers (TPC):

• Two Vertex TPC’s just downstream of the target, together with two aper-

ture Vertex Magnets, are used for interaction vertex, particle tracking and PID

determination.

• Two Main TPC’s are located downstream of the magnets in order to extend

the acceptance to higher momentum and provide sufficient track length for PID.

The NA49 interaction trigger system consisted of a small scintillation counter

(2 cm in diameter) located 380 cm from the target and between the vertex TPC’s

(figure 4.24). This operated in anti-coincidence with the primary beam.
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FIG. 4.24: Schematic view of NA49 detector [66].

The main systematics in NA49 come from:

• Normalization in determining the inelastic cross-sections from the interaction

trigger. A trigger scintillator counter was placed in anti-coincidence with the

beam. This systematic accounts for any losses of protons, pions and kaons when

they hit the trigger as as well as subtracting the elastic component. The uncer-

tainty is 2.5% and it is directly applicable to the differential cross-sections. For

neutron yield, it is 1.5%. Normalization is the largest contribution to the total

systematics and it is expected to be fully correlated bin to bin.

• Feed-down induced by weak decays of strange particles, especially important for

pions and protons (1-2.5%) as well as neutrons (3%). This is the second largest

contribution to the systematics. For kaons, it can be neglected. It is expected to

be uncorrelated bin to bin.

• Binning is the correction for finite bin width determining the deviation of the real

cross-section at the center of the bin from the measured one. It is approximately

0.5%.
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• Trigger bias due to fact that secondary produced particles can hit the trigger

and cause the event to be vetoed. This is approximately 0.5-1%.

• Tracking efficiency: 0.5%.

• Other uncertainties like detector absorptions, pion decays and reinteractions

in the target are in total about 0.5%.

• Other neutron uncertainties related to the reconstruction.

A summary of the NA49 systematics is shown in the table 4.2:

particle produced total systematic (quadratic sum) total systematic (upper limit)
π± 3.8% 7.5%
K± 4.2% 8.7%
backward protons 4.7% 10.0%
forward protons 3.7% 7.0%
neutrons 10% 28.0%

TABLE 4.2: NA49 systematics uncertainties.

4.5.2 Barton et al.

The result reported by [51] (Barton et al.) is a comprehensive cross-section

measurements of fast secondaries (momentum of the particles produced in 30-88

GeV/c) with different incident beams (pions, kaons and protons) at 100GeV us-

ing the Fermilab Single Arm Spectrometer facility in the M6E beamline (see page

741-775 in [67] for a description). The use of the same detector to study the A

dependence of the invariant differential cross-sections cancels some of detector per-

formance systematic uncertainties.

The relevant Barton data for NuMI is the pion production from proton - carbon

interactions at 100GeV. However, there is a disagreement of the pion and proton

production between Barton and NA49 in the data points where they overlap. We
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are going to explain later in this section the assumptions we made to use Barton

data.

4.5.3 MIPP thin target

Ratios of high energy K/π have been studied in [64] from proton - carbon

interactions. As will be explained later, combining NA49 and MIPP thin target

data allows us to extend the data to higher energy kaon production.

4.5.4 Thin target pion production

NA49 data is used to correct the pion invariant differential cross-sections in the

−0.1 < xF < 0.5 and 0 < pT < 2 GeV/c range. Figure 4.25 shows some of the 270

bins per particle of NA49 data taken from [61] (the right plot corresponds to π+

and the left one to π−). Many data points populate the xF region below 0.15 that

are not shown in the plots. The lines come from NA49 interpolation (we implement

our own interpolation as described later).

Barton et al. ([51]) reported their pion invariant differential cross-section data

for xF in 0.3-0.88 and pT = 0.3, 0.5 GeV/c. As was pointed out, Barton and NA49

are in disagreement in points where they overlap. Figure 4.26 (upper plot) shows

both datasets for 0.3 < xF < 0.5 (MC values in the plot are just for reference).

Barton cross-sections for π+ are approximately 25% less than NA49 as discussed in

[61] (similar differences are seen for π−). However, the ratios π+/π− agree between

both datasets. We use this fact to extend the NA49 data for xF > 0.5 by imposing a

25% reduction to Barton data and adding a 25% uncertainty due to this assumption.

Figure 4.26 (lower plot) also show π+ Barton data for xF > 0.5.
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FIG. 4.25: NA49 charged pion production in proton carbon interactions.
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Technical details of the implementation

The implementation of the pion production correction is as follows:

1. The NA49 and Barton data are interpolated to smooth transitions between bins.

The granularity is ∆xF = 0.005 and ∆pT = 0.025GeV/c. This is finer than the

data binning. MC values have the same granularity.

2. The statistical and systematic uncertainties assigned to each bin is the closest

fractional error value of NA49 or Barton datasets.

3. The statistical uncertainties are assumed to be uncorrelated. Figures in 4.27

show these uncertainties for the interpolated NA49 data. The region for low xF

(0-0.25) and pT < 0.8GeV/c has small errors (less than 5%) for both π+ and π−.

This is important to determine the flux focusing peak of MINERvA and NOvA

as can be seen in chapters 5-7.

4. The systematic uncertainties are assumed to be 100% correlated between bins.

It is clearly an overestimated value since only the normalization uncertainty is

known to be fully correlated. A computational complication leads to this decision:

the calculation of the Cholesky decomposition of a big matrix (for instance, in

the case of NA49: 121 xF bins × 81 pT bins makes a 9801-dimension matrix to be

handled 7. Equation 4.23 demands that we compute the Cholesky decomposition

of the covariance matrix. The total systematic uncertainties (see table 4.2) added

in quadrature is used.

5. An energy scaling correction is applied to use these datasets for any incident

proton on carbon in 12− 120GeV/c.

7Some techniques can be used to deal with this complication but a simple assumption had to
be made due to the timescale to present the results of this analysis.
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FIG. 4.27: NA49 statistical error for pion production.
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Figures in 4.28 show the weights for π+ and π− applying equation 4.8. For xF <

0.3, π+ below pT = 0.4GeV/c are underestimated by the MC and overestimated

otherwise. For π−, almost the entire region for pT < 1GeV/c has to correct the MC

up.

Pion production from neutron - carbon interactions was also corrected with the

NA49 and Barton data using equation 4.20.

4.5.5 Thin target kaon production

NA49 data is used to correct the invariant differential cross-sections for xF in

[0, 0.2] as reported by [63] (figures in 4.29 a) and b) for K+ and K−, respectively).

The lines are interpolated values in [63] (we make our own interpolation). Except

for low pT , the coverage is good for low xF kaons.

A combination of NA49 pion ([61]) production with MIPP K/π ([64]) is used

to extend the kaon data beyond xF = 0.2. Figure 4.30 shows the MIPP kaon ratios

(we are interested in the right hand side plots). The binning convention is described

in the figure caption.

Technical details of the implementation

The charged kaon production correction uses the equation 4.11 as for charged

pions case and its implementation is as follows:

1. As for pion production, NA49 kaon production data is interpolated to smooth

transitions between bins. The granularity is finer than the data binning: ∆xF =

0.005 and ∆pT = 0.025GeV/c). However, no interpolation is made for MIPP pC

ratios. MC values have the same granularity as their corresponding data after

interpolation.
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FIG. 4.28: Thin target weights for charged pions.
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(a) K+.

(b) K−.

FIG. 4.29: NA49 invariant differential cross-section of charged kaon production in proton
carbon interactions (taken from [63]).
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FIG. 4.30: MIPP π−/π+, K−/K+, K+/π+ and K−/π− ratios taken from [64]. The
momentum bin convention (X,Y) is such that X represent the longitudinal momentum
and Y the transverse momentum. X(GeV/c) = 0 (20-24), 1 (24-31), 2 (31-42), 3 (42-60),
4 (60-90). Y(GeV/c) = 0 (<0.2), 1 (0.2-0.4), 2 (0.4-0.6), 3 (0.6-1.0), 4 (>1.0).
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2. The statistical and systematic uncertainties assigned to each NA49 bin is the

closest fractional data error. For MIPP, the data uncertainty is used directly.

3. The statistical uncertainties are assumed to be uncorrelated. The NA49 statis-

tical uncertainties for K+ and K− production are shown in figures in 4.31. The

values are typically higher than pions, as we expect. The statistical uncertainties

for MIPP K/π ratios are in figures at 4.32 with the exact value written in each

bin.

4. In consistency with pion correction, the NA49 systematic uncertainties are as-

sumed to be 100% correlated between bins. The total of the systematic uncer-

tainties (see table 4.2) added in quadrature is used for NA49. The figures in 4.33

show the systematic uncertainties used in MIPP thin target K/π ratios. We do

not assume any bin to bin correlation for MIPP data ratios.

5. The energy scaling correction is applied for any incident proton on carbon in

12− 120GeV/c.

6. Formula 4.21 is used to estimate the neutral kaon cross-section from charged kaon

data. The MC K0
L and K0

S yields are calculated off-line.

7. The factors yData and yMC are calculated as for charged pion case.

Figure 4.34 a) and b) and shows that the weights for K+ and K− respectively.

Neutral kaons weights are shown in figures at 4.35).

4.5.6 Thin target nucleon production

Proton production in pC interactions has been measured in NA49 [62] as in-

variant double differential cross sections for −0.8 < xF < 0.95 and pT < 2GeV/c.

Protons produced quasi-elastically have Feynman-X greater than 0.95 and they are
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FIG. 4.31: NA49 statistical uncertainties for charged kaon production.
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FIG. 4.32: MIPP pC statistical uncertainties for K/π.
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FIG. 4.33: MIPP pC systematic uncertainties for K/π
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FIG. 4.34: Thin target weights for charged kaons
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FIG. 4.35: Thin target weights for neutral kaons.
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not part of this data since those events are always vetoed by NA49 trigger counter.

Figures in 4.36 show the data for proton (left side) and anti-proton production (right

side) taken from [62]. Just the proton cross-section correction has been used since

the anti-protons have very small effect. The values for negative xF are not shown in

the figure and the lines correspond to the NA49 interpolation reported in the paper.

We have made our own interpolation.

NA49 also measured neutron production yields (dn/dxF ) integrated over the

pT acceptance for 0.1 < xF < 0.9. Figure 4.37 shows the 8 data points released by

NA49 ([62]).

Technical details of the implementation

The implementation of the nucleon production correction is as follows:

• Proton production data has been interpolated with granularity ∆xF = 0.005

and ∆pT = 0.05GeV/c. The neutron yield was interpolated with a 4th degree

polynomial and sliced in bins with granularity ∆xF = 0.005.

• As before, the statistical and systematic uncertainties assigned to each NA49 bin

after interpolation are the closest fractional data uncertainty.

• Figure 4.38 a) shows the statistical uncertainties of proton production. The values

are typically less than 5% for pT < 1GeV/c. For neutron yield, the statistical

error is around 10-15% (figure 4.38 b).

• The total systematic uncertainties added in quadrature (table 4.2) and 100%

correlation bin to bin are assumed. For protons, it is necessary because the

high number of bins that enter into the Cholesky decomposition. For neutrons

it is not needed but it is made anyway for consistency with the other datasets
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FIG. 4.37: NA49 neutron production yields in proton carbon interactions (taken from
[62]).

used. Figures in 4.38 a) and b) show the fractional uncertainties for protons and

neutron production, respectively.

• As in pion and kaon, energy scaling correction is used for nucleon production to

go from 158GeV incident proton incident to 12− 120GeV/c.

The central part of the proton production cross-section correction is overesti-

mated and has to be corrected down as can be seen in figure 4.39a. The neutron

yield needs to be corrected down for 0.15 < xF < 0.65 and up otherwise figure 4.39b.

4.6 Thin target data extension in Generation 2

This section deals with the cases when we do not have data to apply directly in

Generation 2. As was described in section 4.2.3, the first approach can be to look
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if any theoretical guided data extensions and then use our best guess anchored in

data (see section 4.2.4). In any case, Generation 2 tries to avoid the use of hadronic

model spread as a procedure for these cases.

4.6.1 Interactions of nucleons not covered by thin target

data

For interactions with nuclei other than carbon, we can apply the thin target

carbon data from the previous section following the procedure described in section

4.2.3. The material scaling adds the uncertainty listed in table 4.1 to the data un-

certainty for charged pions and kaons with 0 < xF < 0.75 and pT < 1.5GeV/c.

Another extension we used is to apply proton interaction data to the neutron inter-

actions using the isospin symmetry principle (section 4.2.3).

For any other nucleon interaction not covered yet, we use our best guess un-

certainty based on data as was described in section 4.2.4, i.e, 40% uncertainty split

in four xF uncorrelated regions in 0-1 (0-0.25, 0.25-0.50, 0.50-0.75 and 0.75-1.0)

per nucleon incident: {proton, neutron} and per particle produced: {π+, π−, K+,

K−, K0, proton, neutron, any other particle}. This gives 64 different uncertain

parameters, treated as uncorrelated. One thing that should be noted is that the

quasi-elastic interaction correction falls into this category.

4.6.2 Incident mesons and other interactions

Currently, we are not applying any data corrections for interactions with in-

cident mesons. In these cases, we use 40% uncertainty for each 4 uncorrelated xF

regions (0-0.25, 0.25-0.50, 0.50-0.75 and 0.75-1.0). We do this for each different com-

bination of incident meson: {π+, π−, K+, K−, K0, any other meson} and produced

particle: {π+, π−, K+, K−, K0, proton, neutron, any other particle}. This gives
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144 possible uncorrelated uncertain parameters.

When an interaction is not covered by any data and any of the above categories,

a correlated 40% uncertainty is applied. Examples of these interactions are pC →

p̄X. As we see in the next chapters, the contribution from these “others” kind

interactions is very small.
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4.7 Thin target inelastic and absorption cross sec-

tion datasets

4.7.1 Proton - carbon inelastic cross-section

Figure 4.40 shows the data and MC inelastic cross-sections comparison for pro-

ton and neutron carbon interactions. The datasets are Bellettini et al [59], NA61

for T2K [35], Denisov et al. [60], Carroll et al. [68], NA49 [61] and Roberts et al.

[69]. Some inconsistency in terminology in Denisov et al leads us to assume that the

data provided in the paper is the absorption cross-section instead of the inelastic

cross-section. For that reason, we subtract the quasi-elastic part using the Roberts

et al calculation based Glauber model. The neutron cross-section is placed as refer-

ence. The data suggests that the inelastic cross-section has no energy dependence

up to 300GeV incident energy.

The MC inelastic cross-sections are shown with black markers. They have been

calculated by running high statistic thin target simulations of proton incident with

different energies and looking at interactions where no new particles (mesons) are

created. The MC has a nonphysical behavior, increasing its value monotonically

when the energy is increased. However, the MC absorption cross-section is flat at

243.24mb.

4.7.2 π± absorption cross-sections

Figure 4.41 shows the absorption cross-section for charged pion incident in

carbon and aluminum up to 70GeV/c momentum. The datasets used are Cronin

et al [70], Denisov et al [60], Allaby et al [71], Allardyce et al [72], Longo et al [73],

Vlasov et al [74], Bobchenko et al [75], Carroll et al [68]. The data suggest that the

absorption cross-sections decrease monotonically after 1GeV/c incident momentum.
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FIG. 4.40: Proton-carbon inelastic cross sections.

The MC values are in blue (pion on carbon) and red (pion on aluminum).

The data - MC discrepancies can be seen in figures 4.42 a) and b). The differ-

ences between data and MC absorption cross-sections are displayed. The data has

a small disagreement with MC. For pion on carbon, most of the differences are less

than 10mb and for pion on aluminum, less than 20mb, except at low energies.

4.7.3 K± absorption cross-sections

The figures in 4.43 show the absorption cross-section for charged kaon incident

in carbon and aluminum up to 60GeV/c momentum. The datasets used are Abrams

et al. [76], Denisov et al [60], Carroll et al [68] and Allaby et al. [71]. There are few

data points for K+ and no pattern has been found (see figure 4.43 a) ). For K−, a

slow cross-section decrease in energy can be seen in figure 4.43 b).

Figures 4.44 and 4.45 show the difference between data and MC absorption

cross-sections for K+ and K− on carbon and aluminum. The disagreement is higher
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FIG. 4.41: πC and πAl data and MC absorption cross-section.

in comparison to charged pions, especially at low energy.

4.7.4 Technical implementation of the absorption and in-

elastic cross section

The correction is implemented as follows:

1. pC inelastic and absorption cross sections:

• For the inelastic cross-sections (needed in cases when we use equation 4.9),

we implement the value given by NA49 data with its associated uncertainty

(226mb± 2.5%). For the absorption cross-section (needed for the proton at-

tenuation correction in the target), we add the implemented inelastic cross-

section plus the quasi-elastic component that has 40% uncertainty as de-

scribed in section 4.6.1.
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• The MC, the calculated inelastic cross-section for the incident proton energy

shown in figure 4.40 is implemented and making a linear interpolation for

intermediate incident proton energies.

• We should note that the this correction has a central value different than 1.

2. π± and K± absorption cross section:

• The central value for this correction is equal 1.

• For π±, we noted that almost all differences between the datasets and MC

are less than ±5% of the MC value. Based on this, the uncertainty associated

to π±C and π±Al are 10mb and 23.8mb, respectively.

• For K±, the data and MC discrepancies are higher than π±, specially for

low momentum (< 2GeV/c) and this discrepancies are different for K+ and

K−. Based on this, we implement uncertainties that cover most of the tries

almost all dataset - MC in figures 4.44 and 4.45. Table 4.3 lists these values.

3. Details about attenuation correction:

• This correction is applied to all hadron neutrino parents, grandparents and

when it exist, great-grandparents.

• For the target, the amount of carbon traversed longitudinally by the particles

interacting or leaving the target is tabulated precisely (we add the material

traverse only in the fins).

• The correction is also applied to others NuMI components: the horn inner

conductor (Al), the decay volume (He) and decay pipe walls (Fe).

• For nucleons and in general any other particles, we assign the biggest uncer-

tainty (K+ on aluminum).

A summary of the uncertainty per particle and material is listed in table 4.3:
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data ∆σ (mb)
π on carbon 10
π on aluminum 23.8
K+ on carbon (P < 2GeV/c) 68
K− on carbon (P < 2GeV/c) 80
K+ on aluminum (P < 2GeV/c) 83
K− on aluminum (P < 2GeV/c) 49
K+ on carbon (P > 2GeV/c) 13
K− on carbon (P > 2GeV/c) 20
K± on aluminum (P > 2GeV/c) 30.5

TABLE 4.3: Summary of the meson absorption cross-section uncertainty implemented
in out hadron production procedure.

4.8 PPFX

Note: This is a technical section which may not interest some readers.

PPFX is the package we wrote to implement the hadron production corrections

and propagate uncertainties described in the previous section. PPFX stands for

Package to Predict the FluX and is an experiment independent neutrino flux de-

termination package for the NuMI beam that provides a correction for hadron pro-

duction mismodeling8 using almost all relevant data. Currently, PPFX corrects the

beamline simulated with g4numi using geant4 2.p03 and the FTFP BERT hadronic

model 9. The inputs are dk2nu and dkmeta objects [77] for each neutrino event

returning a set of correction values to be used as weights to calculate the right

neutrino yield. Internally, PPFX:

• Accounts for the attenuation of all particles passing through the relevant NuMI

materials: the target and Budal monitors, the magnetic horn inner conductors,

the decay pipe volume and the decay pipe walls.

• Implements energy scaled thin target data for incident particles in the energy

8The uncertainties associated with the focusing process have not been implemented yet and are
currently handled inside the MINERvA framework.

9An extension to other hadronic models is pending but the prescription followed for the current
model can be applied directly.
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range [12, 120] GeV. All data is carefully interpolated to smooth transition be-

tween bins.

• Implements MIPP NuMI target data for pions and high energy kaons.

• When there is no data, PPFX attempts first to use theoretically guided extensions

and when it is not possible, uses a data driven best guess.

• Handles correlated and uncorrelated uncertainties using the multi-universe tech-

nique for uncertainty propagation.

Figure 4.46 shows a schematic view of how the main classes of PPFX work. They

are described below:

FIG. 4.46: PPFX flowchart.
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4.8.1 MakeReweight

MakeReweight is a singleton class that controls the process. It has to be in-

stantiated and initialized by the user selecting options that are entered in a xml file

through the class member SetOptions. Three options are currently settable:

• The process mode. Two modes are implemented: MIPPNuMIOn and MIPPNuMIOff.

When MIPPNuMIOn is selected, the code tries to use thick target data as a pri-

mary correction and thin target data for any interaction not yet covered. When

MIPPNuMIOff is selected, the code do not use thick target at all and apply a cor-

rection based on thin target data for all interactions (This switching mechanism

will be use for Gen2-thin and Gen2-thick flux versions as will be described in

section 5.3).

• The number of universes to be used in the process.

• The MIPP NuMI hadron production bin to bin correlation for systematic uncer-

tainties. The default value is +75%.

MakeReweight is also in charge of initializing:

• The CentralValueAndUncertainties class that creates tables of central values

and deviates per universe (it is called ParameterTable). This is done by reading

the input data from a xml file (parameter file).

• The binning convention of the data input matching the parameter file convention.

• A vector of ReweighterDriver′s (where every entry corresponds to one universe

and becomes its identification, ID) and a ReweighterDriver for the central value

(which has an ID equals -1).

Its member CalculateWeights constructs an InteractionChainData object

using the dk2nu and dkmeta inputs and passes them to every ReweighterDriver to
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make the calculations and provides to the user a vector of universe weights by calling

the member GetWeights() and a central value weight by GetCVWeight().

4.8.2 Data and MC Inputs

The parameter file contains the input data from results of studies to make in-

terpolations and correlations between bins. The implementation of every dataset

has been presented and discussed during the MINERvA flux group meetings (which

can be tracked looking at MINERvA doc-db 10). For uncorrelated data, the central

value and its uncertainty are provided as single values or a list of values. Correlated

data requires a list of central values per bin, a list of statistical errors and a covari-

ance matrix of the systematic errors. The CentralValueAndUncertainties class

parses the parameter file and its member calculateParsForUniverse calculates a

parameter table with all random data values per universe, where every universe has

a unique and fixed random seed to make the process replicable and stable.

The MC values have been tabulated offline and, except for MIPP NuMI that

enters as an xml file 11, they are incorporated as root histograms. Three classes

store these values and provide them as request by reweighters: AttenuationMC,

ThinTargetMC and MIPPNumiMC.

4.8.3 InteractionChainData

The InteractionChainData class parses dk2nu and dkmeta objects and clas-

sifies the information in:

• A vector of InteractionData objects that contains information for an interaction

(kinematics, identity of the projectile, target and produced particles).

10Some useful presentations are [78], [79] and [80] as well the implementation parts of sections
4.4.1 to 4.7.

11This is due to an early implementation before deciding to use root files for MC inputs.
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• A TargetData object with information for the hadron that exits the target:

kinematics and identity of the hadron. This also includes its position index in

the vector of InteractionChainData.

• A vector of ParticlesThroughVolumesData objects that stores the momentum

and the amount of material crossed by the neutrino parent, grand-parent and

when it exists, its great-grand-parent per volume.

4.8.4 ReweightDriver

The ReweightDriver class is in charge of initializing the specialized reweighters

for specific interactions and using them to calculate hadron production weights. A

reweighter makes the task for one universe or for the central value receiving the corre-

sponding ParameterTable and the InteractionChainData from the MakeReweight

class. The member CalculateWeights selects the appropriate reweighter and book-

keeps a history of the interactions already corrected to avoid duplications.

4.8.5 Reweighters

These classes are responsible for the hard work, i.e. calculating the weights.

Those are inherited from one of the two following abstract base classes:

• IInteractionChainReweighting. The interface for classes that correct a chain

of interactions given an InteractionChainData. Two members have to be imple-

mented by reweighters inherited by this class: canReweight and calculateWeight.

The former looks at the InteractionChainData input and identifies those inter-

actions that can be corrected as part of a chain and returns a vector indicating

which elements will be assigned a weight by calculateWeight.
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• IInteractionReweighting. The interface for classes that corrects one interac-

tion given by InteractionData. As before, canReweight and calculateWeight

have to be implemented by every reweighter.

The reweighters associated with the attenuation correction are special because

even when they are inherited from IInteractionChainReweighting, they are not

specialized in correcting hadron production interactions and they use the InteractionChainData

to get the vector of ParticlesThroughVolumesData.

The rest of the section is devoted give a brief description of the data used and

their implementation in reweighter.

The complete list of reweighters is:

Type Name Sections
Thick target MIPPNumiPionYieldsReweighter 4.4.1

MIPPNumiKaonYieldsReweighter 4.4.2
Thin target ThinTargetpCPionReweighter 4.5.4

ThinTargetpCKaonReweighter 4.5.5
ThinTargetpCNucleonReweighter 4.5.6
ThinTargetnCPionReweighter 4.6.1
ThinTargetnucleonAReweighter 4.6.1
ThinTargetMesonIncidentReweighter 4.6.2
OtherReweighter 4.6.2

Attenuation TargetAttenuationReweighter 4.7.1 - 4.7.3
AbsorptionICReweighter

AbsorptionDVOLReweighter

AbsorptionDPIPReweighter

NucleonAbsorptionOutOfTargetReweighter

OtherAbsorptionOutOfTargetReweighter

TABLE 4.4: PPFX reweighters.
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CHAPTER 5

A priori MINERvA Low Energy

Beam results

This chapter is dedicated to presenting the a priori LE flux results at MIN-

ERvA. As was mentioned in section 3.5, the flux prediction has been permanently

updated to add new hadron production data, increase the accuracy of the NuMI

simulation′s geometry and improve the treatment of the flux systematics.

Historically, we have had two NuMI flux predictions called Generation 0 and

Generation 1 that were used in the current published MINERvA papers. Table 5.1

has a list of the MINERvA papers for each flux generation. The most updated

version is Generation 2 which includes the hadron production data constraints de-

scribed throughout sections 4.4 to 4.7.

There are some commonalities between flux generations:

• The use of the multi-universe technique (see section 4.2.5) to propagate the

hadron production and focusing uncertainties.

• The use of G4numi as MC flux simulation and FTFP BERT as the hadronic

physics model.
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Additionally, it is worthwhile to emphasis that the MINERvA flux results are

calculated integrating over the MINERvA fiducial volume defined as the region

inside of an hexagon with 86 cm apothem transverse area to the beam axis and

within a 126.7 cm region along z axis corresponding to the “downstream” portion of

tracker region. Our procedure is the following:

• We select neutrino inclusive charged-current interactions on carbon produced in

the fiducial volume. The selection is made using the MC truth information.

• Based on the neutrino ancestry record, we apply hadron production corrections

and propagate the uncertainties associated to the hadron production and the

focusing system. For Generation 0 and Generation 1, this is made using a code

inside the MINERvA offline computational framework. For Generation 2, we use

PPFX that is plugged into the MINERvA framework as an external package.

• The event rate per neutrino type is then divided by the corresponding GENIE

cross-section and the number of carbon atoms in the fiducial volume.

This chapter is structured in 4 sections. In the first two sections, we will

explain the procedure and results for Generation 0 and Generation 1. We present

the Generation 2 results in section 5.3 offering also an analysis of the contribution

of every PPFX reweigther. In the final section, we discuss the implications of the

Generation 2 results.

5.1 MINERvA flux Generation 0

Generation 0 has been calculated with the following components:

• Hadron production central value. We only used thin target data to correct

interactions in the target. The energy scaling described in section 4.2.2 is also

used. We applied:
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– NA49 (section 4.5.1) and Barton (section 4.5.2) charged pion production on

proton - carbon interactions (figure 4.25).

– NA49 charged kaon production on proton - carbon interactions (figure 4.29).

– NA49 proton production on proton - carbon interactions (figure 4.36).

– Attenuation of the primary protons that interact in the target were applied

using NA49 inelastic cross-section (sections 4.2.1 and 4.7.1).

• Hadron production uncertainties. The uncertainties applied were:

– The statistical and systematic uncertainties added in quadrature of the NA49

pion production on proton - carbon interactions to the primary proton inter-

actions producing pions in the target (figure 4.27 and table 4.2).

– The model spread between geant4 hadronic models was applied to the rest

of the interactions 4.2.4.

• Focusing:

– We applied the focusing uncertainties inherited from MINOS [20]: transverse

horn offset (section 2.5.1), baffle scraping (section 2.5.2), POT counting (sec-

tion 2.5.3), horn current magnitude (section 2.5.4), current distribution in the

horn inner conductors (explain in section 2.5.4) and the longitudinal target

offset (section 2.5.6).

– The flux is simulated using the nominal target positions (table 2.3), i.e., it

was before of the longitudinal target position survey described in section

2.5.6.

Figure 5.1 a) shows the Generation 0 νµ and ν̄µ fluxes from LE010z185i and

LE010z-185i respectively before the HP correction and after applying the correction.

The size and energy dependence of the HP correction can be seen in 5.1 b).
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5.2 MINERvA flux Generation 1

Generation 1 has been calculated considering:

• Hadron production Central value. In addition to the datasets included in

Generation 0, we used:

– MIPP K/π yield ratios to extend the NA49 data coverage (figure 4.30).

– We apply the HP correcting to all materials (not only to the target) using

the same weights calculated for carbon. This was the first effort to extend

the data coverage to other materials but without any scaling studies yet.

– We correct a bug on our computation of the MC invariant cross-section for

π±. The Geant4 hadronic models produce explicitly η, η′, Σ0 and π0 when

simulating the hadronic interactions. Hadron production experiments do not

explicitly measure η and η′ and they can decay into charged pions. Then,

cases in which there is a charged pion from an η(η′) decay has to be accounted

when calculating the invariant cross sections.

• Hadron production Uncertainties. There was no change in the hadron pro-

duction uncertainties.

• Focusing. There was no change in the focusing uncertainties.

Figure 5.2a shows the Generation 1 νµ and νe fluxes from LE010z185i, respec-

tively, and ν̄µ flux from LE010z-185i before the HP correction and after applying

the correction. The size and energy dependence of the HP correction can be seen

in 5.2b. The differences with Generation 0 around the focusing peak come mainly

from the fix of the η(η′) bug.

Figure 5.3 shows the νµ and νe flux fractional uncertainties (ν̄µ is similar to

νµ). As was explained before, the uncertainties did not change when we moved
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from Generation 0 to Generation 1. The uncertainty from the model spread (“no

data constraint” in the plot) dominates the νµ total uncertainty except around the

focusing peak where NA49 data is used for most of the interactions that contributes

to that neutrino energy region (red line). For νe flux, the large contribution of highly

energetic kaon neutrino parents makes the model spread (and the total uncertainty)

be higher than νµ.

Table 5.1 contains a complete list of the MINERvA papers currently published.

As was mentioned before, they will need to be updated with Generation 2 flux

results (see chapter 6).

Flux Analysis
Generation 0 νµ Charged Current Quasi-elastic Scattering [81]

ν̄µ Charged Current Quasi-elastic Scattering [82]
Generation 1 Charged Current Scattering Target Ratios [83]

Coherent π Production [5]
Muon + Proton Production in νµ Scattering [84]
Charged Current π0 Production in ν̄µ Scattering [85]
Charged pion production in νµ interactions [86]

TABLE 5.1: Flux used in the current MINERvA publications.

5.3 MINERvA flux Generation 2

In may of 2014, we started working on a new flux version - Generation 2 -

motivated by:

• Hadron Production:

– Thick target data was published by the MIPP experiment using a LE NuMI

target (see section 4.4.1).

– The need to reduce the flux uncertainties and gain a deeper understanding

of them by replacing the model spread with direct data or physics motivated

data extension corrections (section 4.2.4).
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– The inclusion of particle absorption in the beamline volumes (section 4.2.1)

beyond primary proton in the target.

• Improvements in the geometry simulation of NuMI that implement:

– an accurate target positions (section 2.5.6).

– a water layer around the horn inner conductors and other missing materials

(section 2.5.7).

– an improved horn geometry model (section 2.5.5).

In this section, we present the Generation 2 Low Energy Beam flux results

for νµ in minerva13, ν̄µ in minerva5 and νe in minerva13 (see section 2.5.6 for the

playlist definition).

The implementation of thin and thick target data in PPFX, following the pro-

cedure in section 4.2, gives us the opportunity to have two flux versions that are

called Generation2 - thin (Gen2-thin) and Generation2 - thick (Gen2-thick).

Gen2-thin uses primarily thin target data to correct hadronic interactions (see

section 4.5). The first attempt is to use data directly and then, when that is not

possible, we look to extend the data (i.e. for pA and nA interactions, see section

4.2.4). For the remaining interactions (πA → πA, etc.), we make an educated

guess (see section 4.2.4). The attenuation of the particle beams is corrected for any

hadron passing through the relevant NuMI volumes: TGT, IC, DVOL and DPIP

(see section 4.7).

Figures 5.4 a) and b) show the average number of hadronic interactions per νµ

and νe in MINERvA that are handled by each reweighter in Gen2-thin (the ν̄µ

plots are not shown here since are similar to the νµ ones). The black lines represent

the total average. Except for low neutrino energies (< 1GeV), these values are

around 1.4, meaning that a large fraction of these interactions happen inside of the
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target as we can see when we compare this with the interactions covered by hadrons

that exit the target (figures 4.12 and 4.13).

Every line represents the coverage of one PPFX reweighter (see table 4.3):

• MIPP NuMI π and K production are shown by solid and dashed red lines respec-

tively .

• Pion, kaon and nucleon production in proton - carbon interactions using thin tar-

get data are shown by solid red, dashed red and dashed orange lines respectively.

• Pion production in neutron carbon interactions constraint with data using isoscalar

principles are shown by solid orange lines.

• Meson incident interactions are shown by solid brown lines.

• Nucleon incident interactions not covered directly by any data (it is called nucleon-

A in the plots) are shown by dashed brown lines.

• Others includes the remaining interactions not covered yet (pC → π+X at

xF > 0.5 and pT > 0.5 that are not covered by neither NA49 nor Barton).

The dominant corrections handled by PPFX for νµ (νe) are for pion production

from proton carbon interactions up to 20GeV (8GeV) after which the kaon produc-

tion correction becomes relevant at high energies in accordance with their ancestry

(see figure 2.16a ). The coverage around the focusing peak is almost complete (com-

pare with the figure 2.171).

The other significant component is nucleon-A, especially around the transition

between pion and kaon production. This is because only a small region with xF > 0.5

is covered by Barton. The nucleon interactions, nucleon production and meson

1Figure 2.17 shows the average number of interactions integrated over the neutrino energy in
0-20 GeV but it is a good approximation for the focusing peak.
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incident corrections have higher values at low energies because they are composed

by secondary and tertiary hadron production.

Gen2-thick uses thick target data primarily, and then, for the interactions

still not covered, uses thin target data and an educated guess. The beam particle

attenuation is corrected for any hadron passing through the IC, DVOL and DPIP.

For TGT, only the primary proton beam attenuation (in combination with thick

target data) is corrected (see section 4.2.2).

Figures 5.5 a) and b) show the effect of thick target data on the average number

of interactions covered by every reweigther in Gen2-thick. The lines for MIPP

NuMI pion and kaon cover many of these interactions especially around the focusing

peak. Thin target pion production becomes relevant only for low energies due to the

MIPP acceptance (see 4.15 for an example). The contribution from nucleon-A also

decreases, particularly due to the coverage of secondary protons reinteracting in the

target to make pions. The small bump for thin target kaon production around 8-19

GeV comes from kaons below 20GeV covered by NA49 (xF < 0.2GeV).

I split nucleon-A into more categories in order to understand which corrections

are being handled for this reweighter: figure 5.6 a) for Gen2-thin and 5.6 b) for

Gen2-thick. Some of the characteristics are:

• Pion and kaon production from nucleon interactions (solid blue line) using the

material scaling procedure described in section 4.2.3. This value is small in

the focusing peak because more of the neutrino parents are produced in the

target. For higher energies it is almost flat (∼ 0.11) due to primary and high xF

secondary protons interacting outside the target. This line remains unchanged

between Gen2-thin and Gen2-thick as expected.

• The quasi-elastic proton production outside of the target (dashed red line) remain

unchanged as expected and it is a very small component of nucleon-A.
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FIG. 5.4: Gen2-thin average number of hadronic interactions per neutrino minerva13
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• The incident nucleon with momentum less than 12GeV (dashed blue line) has a

small contribution to nucleon-A and remain almost unchanged since or it is not

covered by thin target data or it produces low energy pions in the not MIPP

acceptance region.

• Some of the protons created in quasi-elastic interactions in the target are also

going to interact in the target and produce pions or kaons covered by MIPP.

That is why this component (solid red line) reduces its value by more than half

in Gen2-thick respect to Gen2-thin.

• The orange line represents the remaining nucleon production after applying the

previous classification.

• The category others represents any nucleon-A interaction not classified yet. As

was said, it has a significant value at the region between the edge of the pion

production and the rise of kaon production PPFX coverage (neutrino energies in

20-30 GeV). They are basically pions or kaons not covered by data (directly or

by using the material scaling) and produced in any material (for Gen2-thin) or

just outside of the target (for Gen2-thick).

Figure 5.7 a) shows the average material traversed by any hadron in the relevant

NuMI volumes for the beam attenuation effect: TGT, IC, DVOL and DPIP per νµ

with energies between 0-40 GeV that passes through MINERvA detector. Gen2-

thin corrects the beam particle attenuation for the total average material traversed

(black line) shown in the plot while Gen2-thick uses the primary proton passes

through carbon (solid green line) and all lines in materials different than carbon.

The same information but just for pion neutrino parents is in figure 5.7 restricted

to the neutrino energy 0-20 GeV. Some characteristics to highlight are:

• For almost the whole neutrino energy range, the primary proton beam traversed
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FIG. 5.6: Nucleon-A interaction per neutrino covered in Generation 2.
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about 40 cm (∼ 6mol/cm2) in the target as average, except for neutrino ener-

gies around the focusing peak where the pions produced in the primary proton

interactions are focused optimally: the average distance traveled by the primary

protons decreases from ∼ 27 cm to ∼ 17 cm while for pions increases from ∼ 7 cm

to ∼ 17 cm when the neutrino energy goes from 2GeV to 5GeV.

• The pions traverse about 10 cm (∼ 1mol/cm2) of Al on average. This is because

the magnetic horns are long and thin and the pion angles are small and tend to

travel more distance inside the horn inner conductors.

• Pion neutrino parents with energies greater than ∼ 4.5GeV (using the equation

2.1) tend to reach the decay pipe and travel ∼ 200m before decaying.

• As the neutrino energy increases, the material traversed by kaon becomes rele-

vant.

5.3.1 Results

This subsection shows the flux results for:

• Gen2-thin, νµ, figure 5.8,

• Gen2-thin, ν̄µ, figure 5.10,

• Gen2-thin, νe, figure 5.12,

• Gen2-thick, νµ, figure 5.9,

• Gen2-thick, ν̄µ, figure 5.11,

• Gen2-thick, νe, figure 5.13.
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The energy range is restricted to 0-20 GeV. The error bands combine hadron

production and focusing uncertainties. The upper plots show the flux spectrum and

the lower plot the ratio to the g4numi output in order to indicate the final correction

we applied after using the tools developed in PPFX. A complete table, bin by bin,

can be found in appendix B.

For νµ, the MC tends to underestimate the number of neutrino below 8GeV

for Gen2-thin and below 11GeV for Gen2-thick (except at very low energies)

and overestimate everywhere else. A discussion of the agreement between the two

predictions can be found in section 5.4, but it is clear that Gen2-thick predicts a

big ”dip” around 4-10 GeV of more than 20% while this effect in Gen2-thin is not

that high.

The hadron production uncertainties for νµ and νe in Gen2-thin are shown in

figure 5.14 (ν̄µ plots are not shown since they are similar to νµ) for an energy range

of 0-20 GeV.

For Gen2-thin, the total uncertainties around the focusing peak are approx-

imately 6-7% for both νµ and νe due to the NA49 pion production data coverage.

The uncertainties for νµ increase to ∼ 9% for energies beyond 6GeV due the influ-

ence of of the nucleon-A correction, however, νe uncertainties increases in the same

region because the kaon production becomes relevant. In general the uncertainties

are below 4% for the interactions where we applied data directly. The attenuation

in TGT and other materials (it is called ”absorption” in plots) has an uncertainty

of ∼ 3%.

For Gen2-thick (see figure 5.15), the total uncertainties are even smaller with

an almost flat value about ∼ 5%. This is due to the MIPP NuMI data coverage.

All the rest of the components reduce their value, except ”absorption”, since that

is applied to volumes outside of the target.
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FIG. 5.10: Gen2-thin ν̄µ flux.
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FIG. 5.11: Gen2-thick ν̄µ flux.
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FIG. 5.14: Fractional uncertainties for Gen2-thin.

167



 energy (GeV)ν
0 2 4 6 8 10 12 14 16 18 20

Fr
ac

tio
na

l U
nc

er
ta

in
tie

s

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 .πMIPP NuMI 
Xπ →pC 

 KX→pC 
Xπ →nC 

MIPP NuMI K
 nucleonX→pC 

nucleon-A
target att.

meson inc.
absorption
others
total HP

µνNuMI Low Energy Beam, HP Uncertainties, 

Using MIPP NuMI data

(a) νµ

 energy (GeV)ν
0 2 4 6 8 10 12 14 16 18 20

Fr
ac

tio
na

l U
nc

er
ta

in
tie

s

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 .πMIPP NuMI 
Xπ →pC 

 KX→pC 
Xπ →nC 

MIPP NuMI K
 nucleonX→pC 

nucleon-A
target att.

meson inc.
absorption
others
total HP

eνNuMI Low Energy Beam, HP Uncertainties, 

Using MIPP NuMI data

(b) νe

FIG. 5.15: Fractional uncertainties for Gen2-thick.
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The bin to bin energy correlation between νµ, ν̄µ and νe is shown in figure 5.16

for Gen2-thin and Gen2-thick. Some observations can be made from these plots:

• bins with high correlation within each neutrino flavor reflect the highly correlated

systematic uncertainties assumption we have made for thin and thick target data

and the contribution of different data bins to every neutrino energy bin.

• the correlation in the transition from lower to higher energies around 5-6 GeV is

due to the focusing uncertainties.

• The correlation between νµ and ν̄µ comes from neutrinos with more than one

hadronic interaction in their cascade history that share the same interaction

for one or more ancestries. Comparing with Gen2-thick, when the νµ and ν̄µ

correlation is very weak, we can conclude that these common interactions mainly

happen inside of the target.

169



correlation

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

µν

0

5

10

15

20

µν
0 5 10 15 20

µν

0

5

10

15

20

µν
0 5 10 15 20

eν
0

5

10

15

20

eν
0 5 10 15 20

Gen2-thin, bin-bin correlations

(a) Gen2 - thin

correlation

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

µν

0

5

10

15

20

µν
0 5 10 15 20

µν

0

5

10

15

20

µν
0 5 10 15 20

eν

0

5

10

15

20

eν
0 5 10 15 20

Gen2-thick, bin-bin correlations

(b) Gen2 - thick

FIG. 5.16: Energy bin to bin flux correlation.
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5.4 Discussion

The flux integrated values over 0-20 GeV are shown in table 5.2 for νµ, ν̄µ and

νe. Gen2-thin and Gen2-thick agree at the 1 sigma level. The uncertainties in the

integrated flux have similar values of the flux spectrum around the focusing peak as

we expect. The correlations between νµ and ν̄µ are shown in figures 5.17 and 5.18.

integral (ν/m2/106POT) Uncertainty (%)
Gen2-thin νµ 287.0 7.78
Gen2-thick νµ 280.8 5.37
Gen2-thin ν̄µ 233.5 7.46
Gen2-thick ν̄µ 238.6 5.51
Gen2-thin νe 4.11 7.06
Gen2-thick νe 4.07 4.93

TABLE 5.2: Integrated flux for νµ and ν̄µ in Gen2-thin and Gen2-thick for neutrino
energy in 0-20 GeV.
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FIG. 5.17: Gen2-thin flux integral correlation between νµ and ν̄µ. Each entry in this
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The ratio of Gen2-thick over Gen2-thin flux spectra in figures 5.19 and

5.20 show the level of consistency between both flux predictions. The ratios have
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been made canceling all possible correlations to be sensitive to the real size of any

disagreement between both versions. We expect that if they agree perfectly, the

ratios should be compatible with 1, within errors.

For ν̄µ, both predictions agrees within errors. However, for νµ, there is a energy

dependent disagreement that is greater than 1 sigma in two energy regions: 5-13

GeV and 20-35 GeV. The former region is crucial to understand since it covers the

falling edge of the focusing peak and most of the MINERvA analysis are restricted

to energies below 20GeV. Table 5.20 shows the bins when the disagreement is more

than 1 σ for νµ below 30GeV. This conflict will be explored and resolved in the

next chapter.

∆E(GeV ) 5-6 6-7 7-8 8-9 9-10 10-11 11-12 12-13
σ 1.52 1.97 2.16 2.04 1.96 1.90 1.86 1.44

TABLE 5.3: Disagreement between Gen2-thin and Gen2-thick for νµ.
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CHAPTER 6

Additional flux constraining using

MINERvA in-situ measurements

At the end of the last chapter, we showed a potential disagreement between

the Gen2-thin and Gen2-thick the νµ flux predictions . Is it possible to reconcile

these two predictions, or favor one of them in a physics motivated way? The first

section of this chapter addresses this question.

The strongly energy dependent ratio between Gen2-thick and Gen2-thin νµ

fluxes (figure 5.19) suggests that the best approach is to use the flux predicted from

low-nu since it is essentially a flux shape measurement. Furthermore, as we saw in

table 5.2 shows, the flux integrated in all neutrino types agree each with other to

within their uncertainties meaning the neutrino - electron scattering constraint does

not suitably solve this potential disagreement. However, the second section of this

chapter is dedicated to exploring the application of the MINERvA results of this

channel to reduce the flux uncertainties.
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6.1 Low-nu flux at MINERvA

The low-nu procedure was applied in MINERvA to calculate the νµ and ν̄µ fluxes

and these fluxes in turn were used to extract inclusive scattering cross-sections [43].

The general principle of the method was explained in section 3.3 and this section

presents only the results and a brief summary of the procedure in order to make the

comparisons with Generation 2 a priori results introduced in the previous chapter.

More details can be found in [43].

The low-nu flux analysis was done using the Generation 1 flux prediction, but

it is insensitive to the flux model, as one would hope. It uses three ν cuts that

were applied to the inclusive scattering events in overlapping neutrino energies:

ν < 300MeV (E > 2GeV), ν < 800MeV (E > 5GeV) and ν < 2GeV (E > 9GeV).

Figure 6.1 a) shows the fraction of the inclusive data sample (overlap) with less ν

less than the cut for νµ in LE010z185i 1.

After applying a Bayesian unfolding to account for the detector resolution and

after applying efficiency corrections, the three event rate samples under the ν cuts

have, basically, the shape of the flux. The next steps followed were:

1. ν cross-section (σν). The neutrino nucleon charged current cross-section σν is

calculated independently in each three ν samples using equation 1.3 and the a

priori Generation 1 flux. Figure 6.1 b) shows these cross-sections for νµ.

2. Finite ν. A correction for finite ν is made using GENIE by calculating:

S(ν0, E) =
σ(ν < ν0, E)

σ(ν < ν0, E → ∞)
(6.1)

where ν0 is a particular ν cut and E is the neutrino energy (see equation 3.1).

1The plots corresponding to figures 6.1 and 6.2 for ν̄µ can be found in [43].
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(a) Overlap

(b) ν cross-sections

FIG. 6.1: Overlap and extracted ν cross-sections for νµ in LE010z185i (taken from [43]).
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3. Normalization. The extracted charged current cross-section is normalized to

match the GENIE cross-section value in the 9 − 12 GeV energy region 2 and

other normalization factors for all three ν samples are also calculated to agree

with this match by following a fitting procedure between ν samples (fit errors are

included as uncertainties).

4. Flux. The νµ and ν̄µ fluxes are extracted by applying the factors founded in

step 3 per ν sample and they are merged to get a flux determination in the 2-50

neutrino energy region in 15 bins. Table 6.1 contains a list of the bin convention

used in this analysis.

Bin range (GeV) Bin range (GeV) Bin range (GeV)
1 2-3 6 7-9 11 22-26
2 3-4 7 9-12 12 26-30
3 4-5 8 12-15 13 30-36
4 5-6 9 15-18 14 36-42
5 6-7 10 18-22 15 42-50

TABLE 6.1: Low-nu binning convention.

The flux results following this procedure (for brevity we called it “low-nu flux”)

are shown in figure 6.2 a) for νµ in the LE010z185i configuration (ν̄µ flux can be

found in [43]). The spectrum is shown at the right and the data/MC ratio on the

left. The black markers in the plots correspond to the extracted low-nu flux and

the red line is the Generation 1 flux prediction. The total fractional uncertainty,

shown in figure 6.2b, is between 8-11%. The contribution from the a priori flux to

the uncertainty in this calculation is small.

2This step requires to use precised external measurements. This analysis used GENIE since
this is itself based on data.
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(a) Flux.

(b) Fractional uncertainties.

FIG. 6.2: νµ flux and its fractional uncertainties in LE010z185i calculated using low-nu
technique in MINERvA (taken from [43]).
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6.1.1 Generation 2 vs low-nu flux comparison

Figures 6.3 and 6.4 show a comparison between the Generation 2 fluxes (thick

and thin) to the low-nu flux for νµ. In the ratio plots (lower side), the uncertainties

have been computed by adding in quadrature the Generation 2 and low-nu uncer-

tainties 3. In principle, adding in quadrature is wrong as it does not account for

correlations due to the flux model. However, the flux uncertainty component of

the low-nu results is negligible, so the overestimation of these ratio uncertainties is

small.

A first “by eye” conclusion is that both, Gen2-thick and Gen2-thin, agree

with the low-nu around the focusing peak and for high energies but Gen2-thick

disagrees with low-nu in the 5-15 GeV neutrino energy while Gen2-thin does not.

Since the neutrino energy bins are highly correlated (see figure 5.16), a more careful

approach is needed. MINERvA conducted a quantitative study using a χ2 test [87]

fully including the correlations between both fluxes.

The idea is to test the hypothesis (H0) that L−G = 0, where G and L are the

Generation 2 (thin or thick) and the low-nu fluxes. A χ2 is constructed by:

χ2 =
N∑

i,j;i≤j

(Gi − Li)(Gj − Lj)V
−1
ij (6.2)

Where the sum is made bin by bin (i,j) for Gi,j−Li,j and the matrix V = VG+VL

is the sum of the Generation 2 and low-nu covariance matrices. The results for

two neutrino energy ranges, 2-50 GeV and 2-22 GeV, are summarized in table 6.2.

Looking at both ranges, we conclude that Gen2-thin is in a good agreement with

low-nu while Gen2-thick has poor agreement (especially when we consider the

whole energy region).

Similar work has been conducted in [87] to test the agreement between Gen2-

3Currently, we do not have the technology to cancel common correlations.
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Comparison 2-50 GeV 2-22 GeV
χ2/NDF χ2/NDF

using full covariance matrix
Gthin − L 7.3/15 4.8/10
Gthick − L 61.3/15 18.6/10

using diagonal elements only
Gthin − L 8.2/15 5.3/10
Gthick − L 68.5/15 38.3/10

TABLE 6.2: χ2/NDF for Generation 2 and low-nu difference. Values taken from [87].

thick and Gen2-thin adopting the low-nu binning described in table 6.1. The χ2

test of the hypothesis Gthick − Gthin = 0 has been calculated. Four 0.5GeV size

bins have been added to cover energies less than 2GeV. The results are shown

in table 6.3. The agreement between both fluxes is poor in all cases. However,

this results strongly depends of the correlation assumptions we have made when

incorporating the data. One possible solution would be to study the effect of different

correlation assumptions in order to find a way to “reconciliate” both flux predictions.

This work can be done especially in Gen2-thin, where we assume 100% bin-to-bin

correlation for NA49 data. Given that some of the data uncertainties, like the

normalization, have definitive positive correlation and the big discrepancy in the

χ2 study, reconciling both predictions, Gen2-thick and Gen2-thin, would have to

take not well-founded assumptions, like strong negative bin-to-bin correlations for

some systematics. For these reasons consider Gen2-thin and Gen2-thick to be in

disagreement.

0-50 GeV 2-50 GeV 2-22 GeV
χ2/NDF χ2/NDF χ2/NDF

full covariance matrix
144.7/19 91.0/15 76.1/10

diagonal elements only
62.1/19 25.4/15 22.0/10

TABLE 6.3: χ2/NDF for Gen2-thick and Gen2-thin difference. Values taken from
[87].
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Summing up this section: Generation 2 gives us the chance to have two flux

predictions. Nevertheless, the studies presented suggest that both predictions are

in disagreement each other and only Gen2-thin is in agreement with the low-nu

flux results while Gen2-thick does not. Then, Gen2-thin will be used as the flux

determined by this thesis.

6.2 Additional constraint using neutrino electron

scattering events

An additional constraint based on the neutrino electron scattering events can be

applied to the flux, on top of the hadron production corrections. As was mentioned

in section 3.4 the cross-section for this reaction is well determined by the Standard

Model since all participants are leptons.

Figure 6.5 shows the energy distribution of the neutrino-electron elastic scatter-

ing candidates interacting in the MINERvA tracker. In total, MINERvA isolated

135 ± 17 (∼ 12.6%) after the background subtraction and efficiency correction.

These events were collected using 3.43× 1020 POT in LE010z185i.

We implement the νe → νe constraint by comparing the predicted number of

these events from the a priori flux with the measured number. Then, we use this

comparison to weight up or down the more likely or unlikely universes by computing

the likelihood Li for each universe i:

Li(N⃗νe→νe|Q⃗) =
1

(2π)M/2det(V )1/2
exp(−1

2
(N⃗ − Q⃗).V−1

N .(N⃗ − Q⃗)) (6.3)

where M is the number of data bins. N⃗ and Q⃗ are vectors of the measured

number and the predicted number, respectively. Every entry in those vectors is the
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FIG. 6.5: Electron energy distribution from ν-e scattering measured by MINERvA after
the background subtraction and efficiency correction (taken from [88]).
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corresponding bin content. V is the data covariance matrix. These likelihoods are

stored and can be used as weights that multiplies any quantity that varies with the

flux, particularly, the flux itself.

Figure 6.6a shows how the predicted distribution of νe → νe from the a priori

Generation 1 flux changes after applying this constraint. Every entry in the a priori

plot (black line) is the corresponding value in a universe i and, it is multiplied by Li

and renormalized to preserve the original number of universes (red line). The mean

shift and the uncertainty is reduced significantly for more than 30%.
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FIG. 6.6: Predicted νe → νe events from the a priori flux before and after the constraint
(taken from [88]).

The weights from this constraint have been calculated and apply to Generation

2 in MINERvA [89]. Figure 6.7a shows the effect on the νµ Gen2-thin flux. The

black lines represent the a priori Gen2-thin flux and the red line the effect of appying

the ν−e constraint. This produces a reduction of the flux peak by approximately 2%
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and a dip of 4% reduction in the falling edge of the flux. The fractional uncertainty

also reduces as can be seen in figure 6.7b.

A measurement of νe quasi-elastic and quasi-elastic-like scattering on hydrocar-

bon was recently published by MINERvA using this procedure on the Generation

1 flux [90]. All future MINERvA publications will likely include this additional

constraint.

6.3 Comparison of Gen2-thick with Generation 0

and Generation 1

All MINERvA analyses and results already published by MINERvA need to

be updated to the standard flux version, Gen2-thin (see a table of the current

MINERvA papers: 5.1). This section presents comparisons between earlier versions

of the flux, Generation 0 and Generation 1. This provides an idea on how the MIN-

ERvA cross-section results would change by Gen2-thin. However, other studies

needs to be considered in the updating process like the effect of the background

when switching flux versions.

This is the list of flux comparisons presented in this sections:

• νµ flux Gen2-thin vs Generation 0 (figure 6.8).

• ν̄µ flux Gen2-thin vs Generation 0 (figure 6.9).

• νµ flux Gen2-thin vs Generation 1 (figure 6.10).

• ν̄µ flux Gen2-thin vs Generation 1 (figure 6.11).

• νe flux Gen2-thin vs Generation 1 (figure 6.12).
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• νµ flux Gen2-thin vs Generation 1 + neutrino electron scattering con-

straint (figure 6.13).

• νe flux Gen2-thin vs Generation 1 + neutrino electron scattering con-

straint (figure 6.14).

• The flux integrated ratios for νµ, ν̄µ and νe in the 0-20 energy range (table 6.4).

Neutrino Gen2−thin
Gen0

Gen2−thin
Gen1

Gen2−thin
Gen1+nu−e

νµ 0.846 0.890 0.959
ν̄µ 0.838 0.892 -
νe - 0.900 9.970

TABLE 6.4: Integrated flux ratios between generations in the 0-20 energy range. We
abbreviate Generation 0 by Gen0, Generation 1 by Gen1 and neutrino electron constraint
by nu-e.
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CHAPTER 7

Medium Energy Beam results

The focus of this thesis has been to determine the a priori LE flux for MINERvA

experiment. However, the procedure we followed as well as the tools we developed

are intended to be directly applicable to calculate the Medium Energy flux for any

point in the NuMI beamline. As we mentioned in the introductory chapter (section

2), experiments like MINERvA, MINOS and NOvA are currently taking data for

the neutrino cross-section and oscillation physics programs at Fermilab and they

can benefit from the results of this thesis.

The objective of this chapter is to show our results for the ME flux at MINERvA

(first section) and the capability of our techniques to extend to any detector that

sees νµ neutrinos (in the second section, we present our flux prediction for NOvA

Near Detector as an example). For the results shown in this chapter, we used

Gen2-thin flux version as it was determined that has better physics consistency

than Gen2-thick (see section 5.4 and 6.1.1).
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7.1 Gen2-thin flux for ME MINERvA

Most of the discussion of the LE flux at MINERvA can be applied to under-

stand the results when we switch to the ME beam mode. In this section, we will

emphasis only those that are particular to the ME mode. The simulated ME flux

spectrum at MINERvA (before any HP constraint) was shown in figure 2.14 with

its characteristical peak at 6 GeV. The key differences in ME with respect to the LE

mode comes from the changes in the relative positions between the target and horn

(it was lengthened), between horns (it was enlarged) and the length of the target

(∼ 20% longer) as was described in section 2.3. These changes cause the focus-

ing system to enhance higher energy mesons that then decay to give higher energy

neutrinos (for instance, π+ yields shown in the lower right side of figure 2.13). See

section A.1 for details of the focusing components.

Figure 7.1a shows the average number of hadronic interactions per νµ that

passes through the center of the MINERvA tracker, the total number as a black line

and those that are handled by every PPFX reweighter listed in table 4.4. The shapes

of every line are similar to the LE configuration (figure 5.4), however, there are more

interactions in total while every reweighter has more interactions to handle. This

is because to that the ME target is longer than the LE one so more interactions

happen inside the target. Pions and kaons produced in proton - carbon interactions

increase, but also incident nucleons not handled directly by data decrease since fewer

protons leave the target.

The average material traversed by particle beams in the relevant NuMI volumes

per νµ is shown in 7.1 a). It also has the same trend as LE (figure 5.7 a) ) but as we

expect, we have more contributions from the primary proton beam passing through

the target. Pion attenuation in the target becomes dominant in the falling edge of

the focusing peak and in general, primary protons, pions, and kaons traverse more
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material than in LE.

Figure 7.2 shows the flux spectrum for νµ in Medium Energy integrated over the

MINERvA fiducial volume (see the introduction to chapter 5) in the energy region

0-20 GeV with the error bars corresponding to the HP uncertainties. At the moment

this thesis is being written, the ME focusing uncertainties are being revisited. For

this reason, we use the focusing uncertainties corresponding to the LE100z200i plus

the horn inner conductor uncertainty (section 2.5.5) calculated for νµ. Nevertheless,

we expect that this is a good approximation of the final ME focusing uncertainties.

A table of the ME flux is shown in table B.3 for all neutrino types.

The νµ hadron production fractional uncertainty is shown in figure 7.3. It has a

similar shape but slightly larger than LE as we can see when we compare with figure

5.14a. However, as we expect, the absorption and incident meson uncertainties are

larger.

The correlation between energy bins is shown in figure 7.4 for νµ and νe. Only

the hadron production uncertainties are considered. The bins are highly correlated

due to our assumption about the bin-to-bin correlation of the thin target data

systematic uncertainties.

Table 7.1 contains the νµ, ν̄µ and νe integrated over the 0-20 GeV region with

the hadron production uncertainties.

integral (ν/m2/106POT) Uncertainty (%)
Gen2-thin νµ 704.6 7.26
Gen2-thin ν̄µ 0.39 10.98
Gen2-thin νe 6.90 6.76

TABLE 7.1: νµ, ν̄µ and νeGen2-thin integrated fluxes in 0-20 GeV.
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7.2 Gen2-thin for Nova ND

As an example of the extension of our procedure to other NuMI detectors, we

show the νµGen2-thin flux calculated at the center of the NOvA Near Detector

front face. Since the flux spectrum peaks at 2GeV, we restricted the plots shown

in this section to the 0-6 GeV energy region.

Figure 7.5a shows that the average number of hadronic interactions per neu-

trino is higher than the ME beam at MINERvA due to the off-axis position of the

NOvA Near Detector. Most of the interactions are handled by the thin target data,

particularly pion production from proton - carbon interactions. However, other in-

teractions become relevant at low energies (< 0.8GeV), particularly nucleons that

interact outside of the target that are not covered by data. Figure 7.5b shows the

material traversed by the particles in the beam. The contribution of mesons is al-

most constant with energy since the effect of the focusing is not as relevant in an

off-axis beam with respect to the on-axis beam. The category “others-C” in the

plots is composed mainly by secondary protons.

Figure 7.6 shows the νµ flux spectrum and the error band from the hadron

production uncertainties in 0-6 GeV energy region (table B.4 contains these values in

0.1GeV bin size). The ratio plot indicates that our NuMI flux simulation (g4numi)

overestimates the neutrino flux at NOvA by ∼ 10%.

As can be seen in figure 7.7, the hadron production fractional uncertainties

are ∼ 8% around the focusing peak. The biggest uncertainties come from incident

nucleons interacting outside of the target and incident mesons where we are not

applying any data constraint.

An interesting comparison can be made between our flux results and the pre-

dicted spectrum from the NOvA flux simulation. NOvA uses FLUGG2008 [91]

that uses FLUKA for hadronic interactions and GEANT4 for the detector geometry
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and particle tracking. Figure 7.8 shows the ratio between Gen2-thin (called just

“ppfx” in the plot) and the FLUKA2008 flux spectra at NOvA ′s Near Detector

(called “flugg” in the plot). The uncertainty on the ratio comes from the uncer-

tainty on the Gen2-thin prediction. Around the focusing peak, we predict 5-6%

less neutrinos and a 15% dip around 2.5 to 4 GeV. There are two possible sources

that could explain these discrepancies. First, a mismodeling in the FLUKA hadronic

interactions since NOvA does not do a hadron production correction. Second, dif-

ferences in the NuMI geometry incorporated in g4numi with respect to FLUGG2008

could cause the peak to shift, and added more material like the water layer around

the Horn 1 inner conductor (section 2.5.7) could be responsible for attenuating the

flux. However, further investigations are needed to give a conclusive explanation.

FIG. 7.8: Comparison between Gen2-thin and FLUGG νµ flux NOvA ND. The error
bar comes from the Gen2-thin hadron production uncertainties.
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CHAPTER 8

Conclusions

Determining the neutrino flux with small and well-understood uncertainties

is crucial for neutrino - nucleus cross-section experiments such as MINERvA and

neutrino oscillation experiments such as MINOS and NOvA (chapter 1). We have

shown a new computation of the a priori NuMI flux constrained by all relevant

hadron production data (chapter 4) and using the current knowledge of the NuMI

beamline, that reduces the uncertainties and improves error budget accounting. The

MINERvA strategy (chapter 3) also includes the use of in situ measurements that

provide additional information about the flux and can be applied a top of the hadron

production constraint. This in situ measurements help us check the consistency

of the a priori flux (the low-nu method) and to serve as an additional constraint

(neutrino - electron scattering) (chapter 6).

We calculated two a priori flux versions for the LE beam, Gen2-thin and

Gen2-thick. The comparison of these two versions shows an energy dependence

disagreement (chapter 5) for the νµ flux in the LE010z185i configuration. A quan-

titative study found that the Gen2-thin and low-nu fluxes are in good agreement,

whereas the Gen2-thick flux agrees poorly with low-nu (chapter 6). Based on this
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fact, we presented Gen2-thin as the main flux result of this thesis and recom-

mended use it as standard flux for the current and future MINERvA analyses. We

also presented a comparison of the Gen2-thin LE flux to previous flux versions,

Generation 0 and Generation 1. We also presented the Gen2-thin ME flux for

MINERvA with 7-8% hadron production uncertainties around 6GeV(chapter 7).

All techniques and tools developed in this thesis (chapter 4) are intended to

be available for any other experiment that sees neutrino from the NuMI beamline.

Particularly we introduced a computational tool called PPFX that is open and public.

As an example of extending our procedure to other detectors, we presented the flux

calculated in the center of the front face of the NOvA Near Detector with 7-8%

hadron production uncertainty around 2GeV. The extension to other beamlines is

straightforward.

Our work indicates where additional hadron production data is needed in order

to further reduce uncertainties for NuMI and LBNF. Particularly, it would be very

valuable to measure the invariant differential cross-sections of:

• Proton interactions on a thin target with materials different than carbon.

• Quasi-elastic proton production.

• Incident meson interactions producing pions.

Our calculation of the Gen2-thick LE flux also shows that the uncertainties can

be reduced significantly by using thick target data, like measurements of particle

production on a replica o spare target. In this context, the program of measurements

proposed by US-NA61 on thin and thin targets is extremely important.



APPENDIX A

Supplemntary material for chapter

2

A.1 Focusing components

This section contains:

• NuMI flux focusing components (figure A.1 in LE010185i at MINERvA.

• Longitudinal vs. transverse momentum yield per π+ νµ parent:

– Unfocused (figure A.2).

– Horn2 only (figure A.3).

– Horn1 only (figure A.3).

– Underfocused (figure A.5).

– Overfocused (figure A.6).

– Others (figure A.7).
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FIG. A.7: Other components of π+ νµ parent
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A.2 Flux HP leading to neutrino in NOvA

This appendix contains the hadronic cascade in NuMI leading to a muon neu-

trino and electron neutrino in the center of the NOvA front face:

• Focusing components (figure A.8).

• Neutrino parents (figure A.9).

• Neutrino grandparents (figure A.10).

• Interaction map (figure A.11 and A.12).

• Hadronic production in the target (figures A.13).

• Beam attenuation (figure A.14).
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APPENDIX B

NuMI flux tables

This appendix contains tables of the Generation 2 flux results:

• MINERvA Gen2-thin Low Energy flux for νµ, ν̄µ and νe at MINERvA (table

B.1).

• MINERvA Gen2-thick Low Energy flux for νµ, ν̄µ and νe at MINERvA (table

B.2).

• MINERvA Gen2-thin Medium Energy flux for νµ and νe at MINERvA (table

B.3).

• NOvA Gen2-thin Low Energy flux for νµ at NOvA Near Detector (table B.4).

226



227

∆E(GeV ) ϕνµ δϕHP
νµ δϕFoc

νµ ϕν̄µ δϕHP
ν̄µ δϕFoc

ν̄µ ϕνe δϕHP
νe δϕFoc

νe

[0, 0.5] 2.82 15.7 2.3 2.17 10.4 2.3 0.08 16.6 2.3
[0.5, 1] 6.75 10.6 3.1 6.35 9.9 3.1 0.19 9.1 3.1
[1, 1.5] 17.36 8.1 2.2 16.35 7.3 2.2 0.34 6.5 2.2
[1.5, 2] 25.86 7.6 2.6 23.53 7.0 2.6 0.41 6.8 2.6
[2, 2.5] 34.00 7.6 2.8 30.32 7.1 2.8 0.44 6.5 2.8
[2.5, 3] 41.73 7.2 3.1 36.84 6.5 3.1 0.39 6.3 3.1
[3, 3.5] 43.79 6.5 3.5 37.39 5.7 3.5 0.36 6.1 3.5
[3.5, 4] 35.09 6.1 5.4 29.00 5.1 5.4 0.32 5.9 5.4
[4, 4.5] 21.18 6.1 9.1 16.81 5.0 9.1 0.26 6.1 9.1
[4.5, 5] 11.54 6.4 10.4 8.75 5.4 10.4 0.23 6.3 10.4
[5, 5.5] 7.05 7.0 7.6 5.15 6.2 7.6 0.18 5.8 7.6
[5.5, 6] 5.02 8.1 4.5 3.46 7.0 4.5 0.15 5.1 4.5
[6, 6.5] 4.08 8.5 3.1 2.62 7.5 3.1 0.11 5.5 3.1
[6.5, 7] 3.41 8.8 2.7 2.14 7.8 2.7 0.09 5.6 2.7
[7, 7.5] 2.97 9.0 2.5 1.77 7.9 2.5 0.06 5.9 2.5
[7.5, 8] 2.62 9.0 2.5 1.48 8.2 2.5 0.06 5.6 2.5
[8, 8.5] 2.34 9.1 2.4 1.24 7.9 2.4 0.04 6.1 2.4
[8.5, 9] 2.11 9.1 2.3 1.09 8.3 2.3 0.04 6.5 2.3
[9, 9.5] 1.91 9.1 2.2 0.99 7.9 2.2 0.04 7.7 2.2
[9.5, 10] 1.74 8.9 2.2 0.88 8.2 2.2 0.04 8.4 2.2
[10, 10.5] 1.58 9.0 2.1 0.74 8.2 2.1 0.03 8.5 2.1
[10.5, 11] 1.47 8.8 2.1 0.71 8.3 2.1 0.03 8.0 2.1
[11, 11.5] 1.33 8.7 2.0 0.62 8.2 2.0 0.03 7.8 2.0
[11.5, 12] 1.21 8.6 2.0 0.58 8.0 2.0 0.02 8.1 2.0
[12, 12.5] 1.10 8.6 2.0 0.50 8.2 2.0 0.02 8.3 2.0
[12.5, 13] 1.01 8.6 2.0 0.47 8.0 2.0 0.02 10.8 2.0
[13, 13.5] 0.91 8.5 2.0 0.42 8.1 2.0 0.02 9.0 2.0
[13.5, 14] 0.86 8.5 2.0 0.37 8.2 2.0 0.02 9.5 2.0
[14, 14.5] 0.78 8.5 2.0 0.34 7.9 2.0 0.02 10.7 2.0
[14.5, 15] 0.71 8.3 2.0 0.31 8.4 2.0 0.02 9.7 2.0
[15, 15.5] 0.64 8.4 2.0 0.27 8.6 2.0 0.01 11.0 2.0
[15.5, 16] 0.59 8.4 2.0 0.26 8.6 2.0 0.01 11.7 2.0
[16, 16.5] 0.55 8.4 2.0 0.23 8.9 2.0 0.02 10.9 2.0
[16.5, 17] 0.49 8.5 2.0 0.19 9.2 2.0 0.01 10.5 2.0
[17, 17.5] 0.45 8.3 2.0 0.19 8.8 2.0 0.01 10.8 2.0
[17.5, 18] 0.41 8.6 2.0 0.17 8.8 2.0 0.01 10.9 2.0
[18, 18.5] 0.37 8.4 2.0 0.15 8.9 2.0 0.01 11.6 2.0
[18.5, 19] 0.34 8.7 2.0 0.13 10.2 2.0 0.01 11.7 2.0
[19, 19.5] 0.32 8.8 2.0 0.12 11.1 2.0 0.01 11.2 2.0
[19.5, 20] 0.29 9.3 2.0 0.12 10.9 2.0 0.01 10.9 2.0

TABLE B.1: Generation2 - thin Low Energy flux results at MINERvA. Flux units:
ν/m2/106POT . Uncertainties are given in percentage.
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∆E(GeV ) ϕνµ δϕHP
νµ δϕFoc

νµ ϕν̄µ δϕHP
ν̄µ δϕFoc

ν̄µ ϕνe δϕHP
νe δϕFoc

νe

[0, 0.5] 3.54 10.0 2.3 2.88 7.3 2.3 0.08 14.7 2.3
[0.5, 1] 7.35 7.8 3.1 6.86 7.4 3.1 0.19 5.3 3.1
[1, 1.5] 17.29 7.4 2.2 16.31 6.7 2.2 0.33 4.1 2.2
[1.5, 2] 25.36 4.9 2.6 23.74 4.7 2.6 0.41 4.3 2.6
[2, 2.5] 33.72 5.0 2.8 30.96 5.0 2.8 0.44 3.9 2.8
[2.5, 3] 42.91 4.6 3.1 39.03 5.0 3.1 0.38 3.9 3.1
[3, 3.5] 44.38 4.6 3.5 38.46 4.9 3.5 0.36 3.8 3.5
[3.5, 4] 34.54 4.9 5.4 29.25 5.0 5.4 0.32 3.9 5.4
[4, 4.5] 19.75 4.7 9.1 16.92 4.8 9.1 0.26 3.8 9.1
[4.5, 5] 10.36 4.6 10.4 8.69 4.9 10.4 0.23 3.8 10.4
[5, 5.5] 6.16 4.7 7.6 5.02 5.2 7.6 0.17 3.7 7.6
[5.5, 6] 4.32 4.8 4.5 3.36 5.4 4.5 0.14 3.4 4.5
[6, 6.5] 3.46 4.9 3.1 2.51 5.4 3.1 0.10 3.8 3.1
[6.5, 7] 2.85 5.0 2.7 2.01 5.6 2.7 0.08 3.8 2.7
[7, 7.5] 2.46 5.0 2.5 1.63 5.7 2.5 0.06 4.0 2.5
[7.5, 8] 2.16 5.0 2.5 1.35 5.9 2.5 0.06 3.5 2.5
[8, 8.5] 1.95 5.1 2.4 1.12 6.0 2.4 0.04 3.9 2.4
[8.5, 9] 1.77 5.2 2.3 0.99 6.1 2.3 0.04 3.8 2.3
[9, 9.5] 1.61 5.2 2.2 0.91 6.1 2.2 0.03 4.7 2.2
[9.5, 10] 1.47 5.2 2.2 0.82 6.2 2.2 0.03 4.7 2.2
[10, 10.5] 1.34 5.3 2.1 0.70 6.4 2.1 0.03 5.4 2.1
[10.5, 11] 1.25 5.2 2.1 0.66 6.2 2.1 0.03 5.1 2.1
[11, 11.5] 1.13 5.1 2.0 0.58 6.6 2.0 0.02 4.3 2.0
[11.5, 12] 1.04 5.1 2.0 0.54 6.9 2.0 0.02 4.1 2.0
[12, 12.5] 0.96 5.0 2.0 0.47 6.8 2.0 0.02 4.9 2.0
[12.5, 13] 0.90 5.0 2.0 0.44 6.7 2.0 0.02 6.4 2.0
[13, 13.5] 0.83 4.8 2.0 0.40 6.5 2.0 0.02 4.7 2.0
[13.5, 14] 0.80 4.9 2.0 0.36 6.5 2.0 0.02 5.5 2.0
[14, 14.5] 0.75 4.9 2.0 0.33 6.7 2.0 0.01 4.4 2.0
[14.5, 15] 0.69 4.9 2.0 0.30 7.0 2.0 0.01 4.1 2.0
[15, 15.5] 0.63 4.8 2.0 0.26 7.0 2.0 0.01 5.2 2.0
[15.5, 16] 0.59 4.7 2.0 0.24 7.3 2.0 0.01 5.4 2.0
[16, 16.5] 0.55 4.7 2.0 0.21 7.6 2.0 0.01 4.7 2.0
[16.5, 17] 0.50 4.7 2.0 0.18 8.0 2.0 0.01 5.3 2.0
[17, 17.5] 0.46 4.7 2.0 0.17 8.2 2.0 0.01 4.9 2.0
[17.5, 18] 0.42 4.7 2.0 0.15 7.8 2.0 0.01 4.7 2.0
[18, 18.5] 0.38 4.9 2.0 0.13 7.7 2.0 0.01 5.0 2.0
[18.5, 19] 0.34 5.0 2.0 0.12 8.4 2.0 0.01 5.7 2.0
[19, 19.5] 0.32 5.2 2.0 0.11 8.8 2.0 0.01 5.7 2.0
[19.5, 20] 0.30 5.6 2.0 0.10 9.0 2.0 0.01 5.1 2.0

TABLE B.2: Generation2 - thick Low Energy flux results at MINERvA. Flux units:
ν/m2/106POT . Uncertainties are given in percentage.
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∆E ϕνµ δϕHP
νµ δϕFoc

νµ ϕν̄µ δϕHP
ν̄µ ϕνe δϕHP

νe ϕν̄e δϕHP
ν̄e

[0, 0.5] 2.45 16.5 12.8 1.64 15.5 0.04 17.3 0.00 79.4
[0.5, 1] 4.30 12.6 8.4 1.61 16.2 0.13 8.7 0.01 19.1
[1, 1.5] 4.07 11.9 5.2 1.38 15.3 0.20 8.2 0.04 18.9
[1.5, 2] 8.39 9.2 3.6 1.32 15.6 0.29 7.5 0.02 17.4
[2, 2.5] 19.96 8.1 3.0 1.22 14.0 0.36 7.0 0.02 16.0
[2.5, 3] 33.83 7.5 2.3 1.27 13.1 0.41 7.2 0.02 14.0
[3, 3.5] 44.07 7.3 3.1 1.17 12.1 0.44 6.6 0.03 13.5
[3.5, 4] 48.68 7.4 3.8 1.24 11.5 0.45 6.9 0.02 17.5
[4, 4.5] 53.37 7.7 3.4 1.23 10.9 0.44 6.8 0.01 13.9
[4.5, 5] 60.55 7.9 3.2 1.16 10.8 0.42 7.1 0.01 11.2
[5, 5.5] 66.98 7.8 3.2 1.15 10.4 0.40 7.1 0.01 14.6
[5.5, 6] 69.57 7.5 3.5 1.08 9.9 0.38 6.8 0.02 13.1
[6, 6.5] 66.23 7.1 4.6 1.01 9.9 0.34 6.5 0.01 9.9
[6.5, 7] 56.85 6.8 6.7 0.96 9.1 0.31 6.5 0.01 10.5
[7, 7.5] 43.61 6.7 9.4 0.84 9.3 0.27 6.5 0.01 10.5
[7.5, 8] 30.81 6.6 12.5 0.77 9.5 0.23 7.3 0.01 13.0
[8, 8.5] 20.79 6.7 15.7 0.65 8.7 0.20 6.7 0.01 12.7
[8.5, 9] 13.53 6.8 18.4 0.58 8.6 0.18 6.3 0.01 9.8
[9, 9.5] 8.75 7.0 19.4 0.54 8.7 0.15 6.6 0.01 13.7
[9.5, 10] 5.76 7.3 18.1 0.49 8.8 0.14 6.3 0.01 11.4
[10, 10.5] 4.03 7.6 15.9 0.46 8.7 0.12 6.4 0.01 12.0
[10.5, 11] 2.96 8.1 13.4 0.42 9.1 0.10 7.0 0.01 11.5
[11, 11.5] 2.30 8.4 11.6 0.38 9.0 0.10 7.0 0.01 11.8
[11.5, 12] 1.92 8.5 8.0 0.36 8.9 0.08 6.3 0.00 16.7
[12, 12.5] 1.64 8.7 5.7 0.33 9.7 0.07 6.4 0.01 10.9
[12.5, 13] 1.40 8.7 6.0 0.29 9.3 0.06 6.9 0.01 16.1
[13, 13.5] 1.29 8.6 3.1 0.27 9.4 0.06 7.0 0.01 13.1
[13.5, 14] 1.16 8.4 2.3 0.25 9.8 0.05 7.0 0.01 9.5
[14, 14.5] 1.03 8.4 2.1 0.22 10.1 0.04 6.9 0.00 12.4
[14.5, 15] 0.93 8.1 3.0 0.19 9.5 0.04 7.4 0.00 14.9
[15, 15.5] 0.86 8.3 4.4 0.19 10.3 0.03 7.0 0.01 12.4
[15.5, 16] 0.78 8.3 2.7 0.16 10.3 0.03 8.4 0.00 14.9
[16, 16.5] 0.73 7.9 2.4 0.14 10.7 0.03 8.9 0.00 10.3
[16.5, 17] 0.67 8.2 3.8 0.13 10.9 0.03 8.6 0.01 12.9
[17, 17.5] 0.62 8.1 4.2 0.12 10.7 0.02 9.6 0.00 10.6
[17.5, 18] 0.56 8.1 5.7 0.10 12.2 0.03 9.3 0.00 13.5
[18, 18.5] 0.54 7.6 4.9 0.09 11.1 0.02 10.6 0.00 14.4
[18.5, 19] 0.50 7.6 3.9 0.08 11.8 0.02 9.7 0.00 18.6
[19, 19.5] 0.48 7.6 4.4 0.07 13.3 0.02 9.5 0.00 12.9
[19.5, 20] 0.45 7.5 2.9 0.07 14.2 0.01 10.2 0.00 11.1

TABLE B.3: Generation2 - thin Medium Energy flux results at MINERvA. Flux units:
ν/m2/106POT . Uncertainties are given in percentage.
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∆E(GeV ) ϕνµ δϕHP
νµ ∆E(GeV ) ϕνµ δϕHP

νµ

[0, 0.1] 0.25 31.3 [0.1, 0.2] 0.62 23.0
[0.2, 0.3] 0.82 16.7 [0.3, 0.4] 1.00 13.3
[0.4, 0.5] 1.19 11.7 [0.5, 0.6] 1.38 10.9
[0.6, 0.7] 1.56 10.4 [0.7, 0.8] 1.70 10.0
[0.8, 0.9] 1.84 9.7 [0.9, 1] 2.03 9.3
[1, 1.1] 2.30 9.1 [1.1, 1.2] 2.71 8.8
[1.2, 1.3] 3.36 8.5 [1.3, 1.4] 4.26 8.3
[1.4, 1.5] 5.14 8.1 [1.5, 1.6] 5.93 8.0
[1.6, 1.7] 6.63 7.9 [1.7, 1.8] 7.18 7.9
[1.8, 1.9] 7.47 7.8 [1.9, 2] 7.43 7.7
[2, 2.1] 7.02 7.7 [2.1, 2.2] 6.29 7.7
[2.2, 2.3] 5.38 7.6 [2.3, 2.4] 4.44 7.5
[2.4, 2.5] 3.59 7.5 [2.5, 2.6] 2.87 7.4
[2.6, 2.7] 2.31 7.3 [2.7, 2.8] 1.85 7.2
[2.8, 2.9] 1.47 7.3 [2.9, 3] 1.17 7.2
[3, 3.1] 0.93 7.4 [3.1, 3.2] 0.73 7.5
[3.2, 3.3] 0.58 8.1 [3.3, 3.4] 0.46 8.4
[3.4, 3.5] 0.37 8.7 [3.5, 3.6] 0.32 9.2
[3.6, 3.7] 0.28 9.8 [3.7, 3.8] 0.25 10.0
[3.8, 3.9] 0.23 10.0 [3.9, 4] 0.21 10.0
[4, 4.1] 0.20 10.6 [4.1, 4.2] 0.18 10.6
[4.2, 4.3] 0.18 10.7 [4.3, 4.4] 0.16 10.7
[4.4, 4.5] 0.15 10.5 [4.5, 4.6] 0.15 10.7
[4.6, 4.7] 0.14 10.2 [4.7, 4.8] 0.14 10.0
[4.8, 4.9] 0.13 10.3 [4.9, 5] 0.13 10.8
[5, 5.1] 0.12 10.3 [5.1, 5.2] 0.11 10.7
[5.2, 5.3] 0.11 10.0 [5.3, 5.4] 0.11 10.5
[5.4, 5.5] 0.10 10.4 [5.5, 5.6] 0.10 10.4
[5.6, 5.7] 0.09 9.8 [5.7, 5.8] 0.09 10.2
[5.8, 5.9] 0.09 10.1 [5.9, 6] 0.09 9.8

TABLE B.4: Generation2 - thin Medium Energy flux results at the center of the front
face of NOvA Near Detector. Flux units: ν/m2/106POT . Uncertainties are given in
percentage.
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